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Polymerization in disperse systems is a technique which allows one to prepare ultrafine and 
microsize latex particles, as well, and random, comb-like, comb-like, star-like, and graft co- 
polymers. This article presents a review of the current literature in the field of the sur- 
factant-free dispersion or emulsifier-free emulsion polymerization and copolymerization 
of the polyoxyethylene unsaturated macromonomers. The key factor for the preparation of 
polymer dispersion is the type of emulsifier and its concentration. When conventional sur- 
factants are used, the high amount of stabilizer is needed to prepare a fine polymer disper- 
sion. Conventional surfactants are held on the particle surface by the physical factors. An 
interesting alternative arises with the use of reactive surfactants which contain a polymer- 
izable group. The reactive surfactants are incorporated into the polymer matrix or the par- 
ticle surface layer which prevents them from subsequent migration. Together with a short 
introduction into some kinetic aspects of radical polymerization of traditional monomers 
in dispersion, emulsion, miniemulsion and microemulsion, we focus mainly on the organ- 
ized aggregation of amphiphilic polyoxyethylene macromonomers and radical copolymer- 
ization of polyoxyethylene macromonomers with styrene and alkyl (meth)acrylates. We 
discuss mechanisms of particle growth, particle nucleation, the growth and termination 
polymer chains, and colloidal stability. Effects of initiator, macromonomer, diluent, contin- 
uous phase type and concentration of initiator, macromonomer and additives, the surface 
activity of macromonomer, the type of organized association of macromonomer or graft 
copolymer molecules on the polymerization and particle size are evaluated. Variation of 
molecular weight with the reaction conditions is also discussed. 

Keywords. Radical polymerization and copolymerization. Graft copolymer. Polyoxyethyl- 
ene macromonomers. Organized aggregation of macromonomers 



List of Abbreviations and Symbols 2 

1 Introduction 5 

2 Kinetics of Radical Polymerization of Conventional Monomer 

and Amphiphilic Macromonomers in Disperse Systems 7 

2.1 Dispersion Polymerization 7 

2.2 Emulsion Polymerization 13 

2.3 Miniemulsions 16 

2.4 Microemulsions 17 



Advances in Polymer Science, Vol. 145 
© Springer- Verlag Berlin Heidelberg 1999 




2 



I, Capek 



3 Micelles of PEO Amphiphilic Macromonomers 19 

3.1 Introduction 19 

3.2 PEO Unsaturated Macromonomers 21 

3.3 PEO Saturated Macromonomers 24 

3.4 PEO Block and Graft Copolymers 25 

4 Dispersion Polymerization of PEO Macromonomers 27 

4.1 Copolymerization of PEO Macromonomers with Styrene 27 

4.2 Copolymerization of PEO Macromonomers with 

Alkyl Acrylates and Methacrylates 33 

5 Emulsion Polymerization of PEO Macromonomers 34 

5.1 Homopolymerization of PEO Macromonomers 34 

5.2 Copolymerization of PEO Macromonomers with Styrene 39 

5.3 Copolymerization of PEO Macromonomers with 

Other Comonomers 45 

6 Polymerization of PEO Macromonomers in 

Other Disperse Systems 48 

7 Conclusion 50 

8 References 52 



List of Abbreviations and Symbols 



A 


acrylic group 


^2 


second virial coefficient 


AA 


acrylic acid 


AVA 


4,4'-azobis(4-cyanovaleric acide) 


AIBN 


2,2'-azobiisobutyronitrile 


BA 


butyl acrylate 


BzMA 


benzyl methacrylate 


BMA 


butyl methacrylate 


CAC 


critical association concentration 


Cw 


concentration of monomer in water 


Cp 


concentration of polymer 


CMC 


critical micelle concentration 


CFC 


critical fiocculation concentration 


CFT 


critical flocculation temperature 


(CL) 


chain length 
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Cl methyl 

tC4 t-butyl 

Cg chain transfer constant to stabilizer 

Cgs chain transfer to solvent 

Csp chain transfer constant for transfer to polymeric stabilizer 

D particle diameter 

DLS dynamic light scattering 

D50 volume median diameter 

Df final particle diameter 

DBP dibenzoyl peroxide 

DPj^ number average degree of polymerization 

diffusion coefficient of the radical in water 
Eq overall activation energy 

Ep activation energy for propagation 

Ej activation energy for termination 

activation energy for decomposition of initiator 
EO ethylene oxide unit 

f initiator efficiency 

f^ monomer feed composition 

Gg graft available 

Gj. graft required 

HLB hydrofile-lipophile balance 

HUFT homogeneous nucleation model of emulsion polymerization 
I initiator 

ISP inverse suspension polymerization 

second-order radical entry rate coefficient 
exit (desorption) rate constant 

kj a pseudo-zero-order rate of dead chain generation 

k2 a diffusion-controlled rate constant for coalescence of similar-sized 

particles 

k(j initiator decomposition constant 

kp propagation rate constant 

k^ termination rate constant 

partition koefficient 
k^j. chain transfer rate constant 

KPS potassium peroxodisulfate 

SLS static light scattering 

L-PEO long PEO chains 

m average number of aggregated monomers in one micelle 

macromonomer 

M2 small (traditional) monomer 

[M]gq equilibrium monomer concentration 

[M] monomer concentration 

[M]j) monomer concentration in the diluent 

MA methacrylic acid 
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MMA 

MW, 

Mn 

Mw 

MWD 

Np 

No 

Ni 

Nd 

NBA 

n 

n 



Hi 



M 



Na 

[P] 

PEO 

PEO-A 

PEO-MA 

PEO-VB 

PEO-MAL 

PSt 

PMMA 

PVPo 

PVP 

Qmin 



P^pjinax 

and r2 
1 / 1*2 
Rh 

R 
[S] 

SDS 

St 

S-short 

^crit 

t 

T 

THE 



methyl methacrylate 

molar weight of the monomer 

number-average molecular weight 

weight average molecular weight 

molecular weight distribution (M^/Mj^) 

number of polymer particles 

number of particles containing zero radicals 

number of particles containing one radical 

number of monomer droplets 

Ar,AT-methylenebisacrylamide 

average number of radicals per particle 

number of units (e.g. EO) 

initial number of moles of monomer present per unit volume of wa- 
ter in the reactor 
Avogadro constant 

the concentration of polymeric stabilizer 
poly(ethylene oxide) 
acryloyl-terminated PEO 
methacryloyl-terminated PEO 
vinylbenzyl-terminated PEO 
maleic-terminated PEO 
polystyrene 

poly(methyl methacrylate) 

polyvinylpyrrolidone 

poly(vinylpyridine) 

minimum graft coverage required to stabilize particles against 
same-size coalescence 
maximum graft coverage 
particle radius 

monomer-swollen particle radius 
rate of polymerization 
maximum rate of polymerization 
reactivity ratios 

relative reactivity of macromonomer Mj 
hydrodynamic radius 
radius of gyration 
alkyl group 

concentration of stabilizer 
sodium dodecyl sulfate 
styrene 

short PEO chains 

critical surface area occupied by a PEO chain 
reaction time 

glass transition temperature 
tetrahydrofurane 
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Vp volume fraction of polymer particles in the system 

VA(50) 2,2’ azobis(2-aminopropane) dichloride 

VAc vinyl acetate 

Wjo initial weight of macromonomer 

W 20 initial weight of monomer 

X fractional conversion 

fractional conversion of macromonomer 
a monomer partitioning coefficient between polymer and diluent 

degree of neutralization 
p overall radical entry rate constant 

rate of adsorption of oligomeric radicals by polymer particles 
Pd first-order radical entry rate coefficient 

Pp density of the polymer 

[t| ] intrinsic viscosity 

1 

Introduction 

In this review we summarize and discuss the amphiphilic properties of polyox- 
yethylene (PEO) macromonomers and PEO graft copolymer molecules, the ag- 
gregation of amphiphilic PEO macromonomers into micelles, the effect of or- 
ganized aggregation of macromonomers on the polymerization process, and the 
kinetics of radical polymerization and copolymerization of PEO macromono- 
mer in disperse (dispersion, emulsion, miniemulsion, microemulsion, etc.) sys- 
tems [1-5]. 

In order to generate stable polymer colloid dispersions in aqueous media, it 
is necessary to provide a repulsive interaction that outweighs the van der Waals 
attraction between the particles. This can be achieved in several different ways. 
First, by electrostatic stabilization, in which the Coulombic repulsion between 
the charged colloidal particles is operative (for some emulsion systems). Second, 
by steric stabilization, whereby stability is imparted by nonionic polymers or 
stabilizers adsorbed or grafted on the particle polymer surface (for dispersion 
systems). Last, by using a combination of electrostatic and steric stabilization 
mechanisms, i.e., by electrosteric stabilization. Polymer dispersions stabilized 
by electrostatic stabilization become unstable at high electrolyte concentrations, 
in various pH regions, in freeze-thaw cycling, and at high rates of shear. Under 
these conditions sterically stabilized dispersions can be used. 

When conventional surfactants are used in emulsion polymerization, diffi- 
culties are encountered which are inherent in their use. Conventional sur- 
factants are held on the particle surface by physical forces; thus adsorption/des- 
orption equilibria always exist, which may not be desirable. They can interfere 
with adhesion to a substrate and may be leached out upon contact with water. 
Surfactant migration affects film formation and their lateral motion during par- 
ticle-particle interactions can cause destabilization of the colloidal dispersion. 
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An interesting alternative arises with the use of macromonomers (polymer- 
izable surfactants). Amphiphilic PEO macromonomers, the PEO graft copoly- 
mers, and oligomers present all the typical properties of conventional nonionic 
surfactants, such as micelle formation and interfacial tension reduction. In ad- 
dition, “reactive surfactants” contain a polymerizable group; thus they can over- 
come some of the difficulties encountered with conventional surfactants and can 
function not only as surfactants, but can also be incorporated into the surface 
layer of the latex particles by copolymerization with comonomers. In this man- 
ner these reactive surfactants are prevented from subsequent migration; i.e., 
they cannot be desorbed from the particle surface or excluded from a film. In ad- 
dition to these advantages, they can confer stability over a wide pH range and at 
low temperatures depending on the surfactants structure. 

The reaction mechanism of amphiphilic macromonomer in disperse systems 
is a complex function of partitioning of the macromonomer between the differ- 
ent phases, the macromonomer and initiator type, the nature of continuous 
phase and reaction conditions. The use of amphiphilic macromonomers seems 
to be of interest in this regard since, due to their hydrophilic-hydrophobic char- 
acter, they tend to be located mostly at the particle surface favoring its polymer- 
ization there. The dispersion and free-emulsifier emulsion polymerization and 
copolymerization of amphiphilic macromonomers are considered to be very 
important for the preparation of the graft and comb-like copolymers and non- 
traditional (functional) polymer latexes. Since the functional oligomers (graft 
copolymers) are normally used as a minor constituent, it is desirable that a large 
fraction become incorporated at the particle surface. However, the highly water 
soluble macromonomers give, by polymerization in water, a large amount of wa- 
ter soluble polymers. Furthermore, the surface yield of the functional group, i.e., 
the relative amount incorporated at the particle surface, is often low. 

Macromonomers are macromolecules with a polymerizable group. The pri- 
mary factor affecting the polymerization process is the type of macromonomer 
unsaturated group [3-5]. The reactivity of macromonomers mostly follows the 
reactivity of the low molecular weight monomers carrying the same functional 
group. The polymerization run of macromonomer (s) is characterized with a 
high viscosity of the reaction medium, the low concentration of the unsaturated 
groups, and high segmental density around both the propagating radical end 
and the unsaturated group of the macromonomer. These features enhance the 
diffusion controlled effects on the polymerization kinetic parameters. 

Macromonomers afford a powerful means of designing a vast variety of well- 
defined graft copolymers. These species are particularly useful in the field of 
polymer blends as compatibilizers and/or stabilizers (surfactants). When mac- 
romonomer itself is an amphiphilic polymer, then its polymerization in water 
usually occurs rapidly as a result of organization into micelles. In copolymeriza- 
tions, important factors for macromonomer reactivity are the thermodynamic 
repulsion or incompatibility between the macromonomer and the trunk poly- 
mer and its partitioning between the continuous phase and the polymer parti- 
cles [4,5]. 
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We begin by describing the current understanding of the kinetics of polym- 
erization of classical unsaturated monomers and macromonomers in the dis- 
perse systems. In particular, we note the importance of diffusion-controlled re- 
actions of such monomers at high conversions, the nucleation mechanism of 
particle formation, and the kinetics and kinetic models for radical polymeriza- 
tion in disperse systems. 

2 

Kinetics of Radical Polymerization of Conventional Monomer and 
Amphiphilic Macromonomers in Disperse Systems 

The radical polymerization in disperse systems may be divided into several 
types according to the nature of continuous phase and the polymerization loci: 
the dispersion, emulsion, miniemulsion, microemulsion, suspension, etc. 

2.1 

Dispersion Polymerization 

Dispersion polymerization was used for preparation of nano- and micron-sized 
polymer particles and graft copolymers. It is defined as a heterogeneous polym- 
erization by which latex particles are formed in the presence of a suitable steric 
stabilizer from an initially homogeneous reaction mixture. In fact, dispersion po- 
lymerization can be regarded as a special case of precipitation polymerization in 
which flocculation is prevented and particle size controlled by stabilizer. The sol- 
vent selected as the reaction medium must be a good solvent for both the mono- 
mer and the steric stabilizer but a poor solvent or a non-solvent for the polymer 
being formed [1,2]. The steric stabilizer is used to produce a colloidally stable pol- 
ymer dispersion. In the absence of this stabilizer, the polymerization produces 
large particles (agglomerates), and it is known as precipitation polymerization. 

In the dispersion polymerization of unsaturated monomers there are two po- 
lymerization loci, namely the monomer- swollen polymer particles and the con- 
tinuous phase. The reasons that the rate of polymerization and the molecular 
weight of the final polymers prepared by the dispersion polymerizations are 
larger than in the solution polymerization are due to the compartmentalization 
of the reaction loci. On the other hand, the rate of polymerization and the mo- 
lecular weight of the final polymers prepared by the dispersion polymerization 
are lower than in the conventional emulsion polymerization which may be at- 
tributed to the low monomer concentration in the polymer particles, low parti- 
cle concentration, and very high average number of oligomeric radicals per par- 
ticle (pseudo bulk kinetics). The relative high number of (oligomeric) radicals 
existing in the monomer- swollen particles - is due to the large particle size, high 
radical flux per particle, and high viscosity within the particles. The limiting 
amount of monomer in the polymer particles is therefore shared by a large 
number of radicals, resulting in restricted growth events (lower rates and molec- 
ular weights for the final polymers). 
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Generally, the maximum rate of dispersion polymerization is found at low or 
medium conversions and the rate decreases with conversion. No constant con- 
centration of monomer in polymer particles during the dispersion polymeriza- 
tion can be expected. At the beginning of polymerization, a dispersion polym- 
erization proceeds at a rate similar to a corresponding solution polymerization. 
After the nucleation period the rate of polymerization increases strongly as a re- 
sult of a certain compartmentalization of reaction loci, the gel effect, and many 
growing radicals per particle. It is known that the number of radicals per parti- 
cle is a function of particle size. When the particle size is larger than 100 nm,two 
or more radicals can coexist in a particle without instantaneous termination. 
Thus the gel effect can lead to the Smith-Ewart 3 kinetics (the average number 
of radicals per particle »1, see emulsion polymerization). A consequence of 
these findings is that the rate of polymerization is independent of or slightly de- 
pendent on the particle number, but depends instead on the particle volume [1]: 

Rp-kp[M]p(pAVp/kt)0-5=akp[M]d(RiVp/kt)0-5 (1) 

where [M]p is the monomer concentration in particles, [M]^ is the monomer 
concentration in the diluent, is the rate of initiation, a is the monomer parti- 
tion coefficient between polymer and diluent (the continuous phase), is the 
rate of adsorption of oligomeric radicals by polymer particles, Vp is the volume 
fraction of polymer particles at a given time, and k^ is the rate constant of termi- 
nation. The rate of adsorption of oligomeric radicals by the particles, p^, which 
determines the average number of radicals per particle, thus plays an important 
role in determining the polymerization rate [1]. If the heterogeneous polymeri- 
zation mechanism determines the reaction process the rate of polymerization is 
only slightly dependent on the initiator or stabilizer concentration. 

Several methodologies for preparation of monodisperse polymer particles 
are known [1]. Among them, dispersion polymerization in polar media has of- 
ten been used because of the versatility and simplicity of the process. So far, the 
dispersion polymerizations and copolymerizations of hydrophobic classical 
monomers such as styrene (St), methyl methacrylate (MMA), etc., have been ex- 
tensively investigated, in which the kinetic, molecular weight and colloidal pa- 
rameters could be controlled by reaction conditions [6]. The preparation of 
monodisperse polymer particles in the range 1-20 pm is particularly challeng- 
ing because it is just between the limits of particle size of conventional emulsion 
polymerization (100-700 nm) and suspension polymerization (20-1000 pm). 

Dispersion polymerization in polar media is an alternative route to prepare 
monodisperse polymer particles in the 1-20 pm size range. This is a simple and 
efficient one-step method. During the copolymerization the polymer precipi- 
tates from an initially homogeneous reaction mixture containing monomer, in- 
itiator, steric stabilizer, and solvents. Under favorable conditions, monodisperse 
polymer particles stabilized by a steric barrier of dissolved polymer are formed. 
The main requirements for the formation of monodisperse polymer particles 
using this process are (1) the nucleation period should be very short, (2) all the 
oligomeric radicals which are generated in the continuous phase during the po- 
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lymerization should be captured by the existing particles before they precipitate 
and form new particles, and (3) the coalescence between premature particles in 
the particle growth stage should be prevented. 

Polymeric steric stabilizer such as poly(vinylpyrrolidone) (PVPo),poly( acrylic 
acid), poly(hydroxypropyl)cellulose, etc., are used to prepare monodisperse pol- 
ymer in dispersion polymerization of monomers such as alkyl acrylates and 
methacrylates, and styrene in polar media. AB and ABA block copolymers are a 
second type of steric stabilizer which can be used in dispersion polymerization. 
For example, the poly( styrene- fo-ethylene oxide) was recently used by Winnik et 
al. [6] in the dispersion polymerization of styrene in methanol. 

The nucleation mechanism of dispersion polymerization of low molecular 
weight monomers in the presence of classical stabilizers was investigated in de- 
tail by several groups [2, 6, 7]. It was, for example, reported that the particle size 
increased with increasing amount of water in the continuous phase (water/eth- 
anol), the final latex radius in their dispersion system being inversely propor- 
tional to the solubility parameter of the medium [8]. In contrast, Paine et al.[7] 
reported that the final particle diameter showed a maximum when Hansen po- 
larity and the hydrogen-bonding term in the solubility parameter were close to 
those of steric stabilizer. 

The nucleation mechanism of amphiphilic macromonomers is well described 
by the homogeneous nucleation [9, 10], according to which the most important 
point in the reaction is the instant at which colloidally stabilized particles are 
formed. After this point, coagulation between similar-sized particles no longer 
occurs, and the number of particles present in the reaction is constant (see the 
HUFT theory below). The dispersion polymerization and copolymerization of 
amphiphilic (hydrophilic) PEO macromonomer is considered to proceed as fol- 
lows (see Scheme 1): Before polymerization, the low-molecular weight (tradi- 
tional) monomer (=), macromonomer ( — ), and initiator (o — o) dissolve com- 
pletely in the solvent. The oligomer graft copolymers are all produced by polym- 
erization in the continuous phase, accompanied by the decomposition of the in- 
itiator. The solubility of these polymers is a function of their molecular weight 
and the composition of graft copolymers. Polymers with a molecular weight 
larger than a certain critical value precipitate and begin to coagulate to form un- 
stable polymer particles. The small (primary) particles coagulate on contact, 
and the coagulation between them is continuous until sterically stabilized parti- 
cles form. This point is referred to as the critical point, and it occurs if the poly- 
mer particles contain sufficient surface active chains at the surface to provide 
colloidal stability. 

The graft copolymers were already used for preparation and stabilization of 
polymer particles by Barrett [1]. He synthesized a poly( 12-hydro stearic acid) 
macromonomer with a methacrylate end group. This macromonomer was co- 
polymerized with MMA to obtain a preformed comb-graft copolymer, which 
was successfully used as stabilizer in nonaqueous dispersions of MMA. 
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Scheme 1. Mechanism of dispersin polymerization (explanation in the text) 



Thus the use amphiphilic macromonomers is another method to achieve the 
particle formation and their subsequent stabilization. Macromonomers can be 
pre-reacted to form graft copolymers, which are be introduced into the reaction 
medium afterwards. Macromonomers can also be copolymerized with classical 
monomers in situ to form graft copolymers. This is a simple and flexible method 
for producing monodisperse micron-sized polymer particles. Macromonomers 
can produce ion-free acrylic lattices with superior stability and film forming 
properties compared to conventional charge stabilized lattices. These non-con- 




Radical Polymerization of Polyoxyethylene Macromonomers in Disperse Systems 



11 



ventional monomers have been recognized as being useful for the preparation 
of monodisperse polymer particles. Monodisperse polymer particles in the mi- 
cron range have found wide applications in various fields. Because of the sim- 
plicity of the process for preparation of micron-size monodisperse polymer par- 
ticles, dispersion (co)polymerization of macromonomers in polar media has re- 
cently received great attention. 

The fundamental relations for the particle size (D 50 ) and number (N ), and 
the fractional conversion (x) or the reaction time (t) in the dispersion polymer- 
ization polymerizarion according to the model of Paine [11] (originally derived 



from the homogeneous nucleation theory [9,10]) are as follow: 

D^50=(0.386(CL)6MW3kik2t2)/(jtppNA)= (2) 

=(0.386 X 6MWJM]x2k2/jtppN^)(kt/fkd[l])^^^ (3) 

Np=(NAkp/0.386k2x)(fkd[I]/k,)i/2 (4) 

The critical point occurs when the graft available equals the minimum graft 

required (Qmink 

D,,it=(6[M]MW3Q„i„/pNAC3[S]) (5) 

Xcrit=dcrit^^'(0-386jtppNAkp/6[M]MW3k2)*'2(f]^[Ij/k^)i/4(x«i) (6) 



where D 50 is the volume median diameter, Df is the final particle size, MWg is the 
molar weight of the monomer, (CL) is the chain length, is the chain transfer 
constant to stabilizer, [S] is the concentration of stabilizer, Pp is the density of the 
polymer, is Avogadro’s number, k^ is a pseudo-zero-order rate of dead chain 
generation, k 2 is a diffusion-controlled rate constant for coalescence of similar- 
sized particles, f is the initiation efficiency, k^ is the initiator decomposition rate 
constant, and [ 1 ] is the initiator concentration. 

This model was used in dispersion polymerization to predict the size of pol- 
ymer particles stabilized through grafting on hydrophilic polymers such as 
PVPo. It provides a reasonable description of, for example, PVPo-stabilized po- 
lymerization of styrene in polar solvents. The present model does not apply to 
other types of dispersion polymerization where grafted comb or block copoly- 
mer stabilizers are active. The key controlling parameters in this model are the 
availability of graft and the minimum and maximum coverage, Qmax- 

Kawaguchi et al. [12] have modified Paine's model for the dispersion copoly- 
merization of amphiphilic PEO macromonomers. The authors have modeled the 
variation of the particle size and its distribution with reaction conditions. For 
example, the expressions for the critical conversion (x^j.^^), the particle radius (r), 
and the surface area (S) occupied by a PEO chain are as follows: 

Xcrit=('-crit)^''(4/3JtppNAkp/0.386k2W2o)'^'(2fkd[I]/kj)i/'‘ (7) 



r-xi/3(3W2o/ppNA)^'^(MDri/WioS„it)'''(0.386k2/43tkp)i/6(kt/2fk<i[I])i/i2 (g) 
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S-xi/3(3W2o/pANA)‘^'(MDS„i/Wiori)i'^ 

(4jtkp/0.386k2)i/6(2fkJi]/kj)i/i2(x/x^) 



(9) 



where W 20 is the weight of comonomer (a low-molecular weight monomer) in 
the reactants, Wio the weight of macromonomer in the reactants, the conver- 

sion of macromonomer, the molecular weight of macromonomer, r^ is the 
reactivity ratio in copolymerization of monomer (M 2 ) with macromonomer 
(Mj) and at the critical point these values are ^crip ^Dcriv example, 

Scrit was written as and (for PEO in methanol) is 

This model shows that the radius of polymer particle follows simple scaling 
relationships with the key parameters in the system: x^^^, [comonomerJo^^^, 
[macromonomer] and [initiator] where [ ]^ means initial concentra- 
tion. These equations also predict that the particle size and stabilization are de- 
termined by the magnitude of r^. In addition the surface area occupied by a hy- 
drophilic (PEO) chain follows x"^^^ in the case of azeotropic copolymerization, 
x=xj. This means that the PEO chain conformation for chains grafted onto the 
polymer particles change with grafting density. 

Lacroix-Desmazes and Guyot [13] applied Paine's model to the dispersion co- 
polymerization of amphiphilic macromonomers and re-discussed this model in 
terms of possible incorporation of a new parameter - the chain transfer param- 
eter (Css chain transfer constant for transfer to solvent-alcohol). The rela- 
tions for the rate of dead chains (kj) and chain length (CL) are as follows: 



ki={2fkd[I]/(l+a)}+C33kp[S](2fkd[I]/k/-5 



(10) 



CL={2fkd[I]k,)0-5/((l+a)kp[M])+C33[Ss]/[M]}-i (11) 

where [M] is monomer concentration, [Ss] is concentration of alcohol, and a is 
the coefficient depending on the mode of termination (0<a<l). 

The critical diameter is reached when (the graft available) =Gj. (the graft 
required): 

Dcrit-D5o-(6[M]MW3Q^i„)/(ppCsp[P]NA) (12) 



Ga=Csp[P] X Na and Gr=Np3TD^5o/Q^in=6 x [MlMWsQ^in/ppDso (13) 

where C^p is the chain transfer constant for transfer to polymeric stabilizer and 
[P] is the concentration of polymeric stabilizer. 

The critical conversion is given by the following equation: 

Xcrit=D^'^critkp(JtPpNAfkd[I])/((0.386(CL)3MWskik2kt) (14) 

The critical particle diameter and the final particle size for copolymerization 
with macromonomer were re-written by Guyot et al. as shown: 

Dcrit=D5o=(6[MJMW3Q^i„ri)/(Pp[M2]NA) 



(15) 
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Dp(6MW3/ppNA)2/^(Q„,i„[Mi]ri/[M2])0-5(l/kp)i'3 

(0.386(CL)kik2V23tfkd[I])i/6 



(16) 



2.2 

Emulsion Polymerization 

In emulsion polymerization the compartmentalization of reaction loci and the 
location of monomer in polymer particles favor the growth and slow down ter- 
mination events. The contribution of solution polymerization in the continuous 
phase is strongly restricted due to the location of monomer in the monomer 
droplets and/or polymer particles. This gives rise to greatly different character- 
istics of polymer formation in latex particles from those in bulk or solution po- 
lymerization. In emulsion polymerization, where polymer and monomer are 
mutually soluble, the polymerization locus is the whole particle. If the monomer 
and polymer are partly mutually soluble, the particle/water interfacial region is 
the polymerization locus. 

The emulsion polymerization system consists of three phases: an aqueous 
phase (containing initiator, emulsifier, and some monomer), emulsified mono- 
mer droplets, the monomer-swollen micelles, and monomer-swollen particles. 
Water is the most important ingredient of the emulsion polymerization system. 
It is inert and acts as the locus of initiation (the formation of primary and oligo- 
meric radicals) and the medium of transfer of monomer and emulsifier from 
monomer droplets or the monomer-swollen particle micelles to particles. An 
aqueous phase maintains a low viscosity and provides an efficient heat transfer. 

The emulsifier provides sites for the particle nucleation and stabilizes grow- 
ing or the final polymer particles. Even though conventional emulsifiers (anion- 
ic, cationic, and nonionic) are commonly used in emulsion polymerization, oth- 
er non-conventional ones are also used; they include reactive emulsifiers and 
amphiphilic macromonomers. Reactive emulsifiers and macromonomers, 
which are surface active emulsifiers with an unsaturated group, are chemically 
bound to the surface of polymer particles. This strongly reduces the critical 
amount of emulsifier needed for stabilization of polymer particles, desorption 
of emulsifier from particles, formation of distinct emulsifier domains during 
film formation, and water sensitivity of the latex film. 

The most commonly used water-soluble initiator is the potassium, ammoni- 
um, or sodium salt of peroxodisulfates. Redox initiators (Fe^'^salt/peroxodisul- 
fate, etc.) are used for polymerization at low temperatures. Oil-soluble initiators, 
such as azo compounds, benzoyl peroxides, etc., are also used in emulsion po- 
lymerization. They are, however, less efficient than water-soluble peroxodisul- 
fates. This results from the immobilization of oil-soluble initiator in polymer 
matrix, the cage effect, the induced decomposition of initiator in the particle in- 
terior, and the deactivation of radicals during desorption/re-entry events [14, 
15]. 
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In accordance with the Smith-Ewart theory, the nucleation of particles takes 
place solely in the monomer- swollen micelles which are transformed into poly- 
mer particles [16]. This mechanism is applicable for hydrophobic (macro)mon- 
omers (see Scheme 2). The initiation of emulsion polymerization is a two-step 
process. It starts in water with the primary free radicals derived from the water- 
soluble initiator. The second step occurs in the monomer (macromonomer)- 
swollen micelles by entered oligomeric radicals. 

It is usual to consider the course of emulsion polymerization to proceed 
through three intervals [16, 17]. The particle number increases with time in In- 
terval I, where latex particles are being formed, and then remains constant dur- 
ing Intervals II and II. The monomer concentration in particles is in equilibrium 
with a monomer saturated aqueous solution. Swelling is limited only by the op- 
posite force of the particle surface/water tension. Hence, the concentration of 
monomer in the particles is usually taken as constant up to the point where free 
monomer droplets disappear. In Intervals I and II, the monomer concentration 
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in particles can be regarded to be constant. Interval I ends when the free emul- 
sifier phase disappears. Interval II ends when the monomer droplets disappear. 
The transition from Interval II to III depends on the monomer/polymer type 
(the extent of swelling of polymer particles by monomer and the interfacial ten- 
sion) and the water solubility of the monomer. For vinyl acetate, the transition 
occurs at ca. 15% conversion (monomer weight fraction)=0.85) [18], vinyl 
chloride at ca. 70-80% conversion ((j)j^=0.3) [18], styrene at ca. 40-50% conver- 
sion (water solubility=0.036 wt%), cyclohexyl methacrylate at ca 60% conver- 
sion (water solubility=0.016 wt%) [19]. 

In the case of more water-soluble monomers and (amphiphilic) macromono- 
mers, the Smith-Ewart [16] expression does not satisfactorily describe the par- 
ticle nucleation. The HUFT [9, 10] theory, however, satisfactorily describes the 
polymerization behavior or the particle nucleation of such unsaturated hy- 
drophilic and amphiphilic monomers. The HUFT approach implies that prima- 
ry particles are formed in the aqueous phase by precipitation of oligomer radi- 
cals above a critical chain length. The basic principals of the HUFT theory is that 
formation of primary particles will take place up to a point where the rate of for- 
mation of radicals in the aqueous phase is equal to the rate of disappearance of 
radicals by capture of radicals by particles already formed. Stabilization of pri- 
mary particles in emulsifier-free emulsion polymerization may be achieved if 
the monomer (or macromonomer) contains surface active groups. Besides, the 
charged radical fragments of initiator increases the colloidal stability of the pol- 
ymer particles. 

Thus in the emulsifier-free emulsion copolymerization the emulsifier (graft co- 
polymer, etc.) is formed by copolymerization of hydrophobic with hydrophilic 
monomers in the aqueous phase. The free-emulsifier emulsion polymerization 
and copolymerization of hydrophilic (amphiphilic) macromonomer and hydro- 
phobic comonomer (such as styrene) proceeds by the homogeneous nucleation 
mechanism (see Scheme 1 ). Here the primary particles are formed by precipitation 
of oligomer radicals above a certain critical chain length. Such primary particles 
are colloidally unstable, undergoing coagulation with other primary polymer par- 
ticles or, later, with premature polymer particles and polymerize very slowly. 

The polymer particles are formed by association of amphiphilic macromon- 
omers and graft copolymer molecules. The graft copolymers (precipitated oli- 
gomers) associate with each other to form organized structures and are also ab- 
sorbed by the polymer particles. These agglomerates are supposed to consist of 
a hydrophobic core (rich in hydrophobic comonomer units) and a hydrophilic 
shell (rich in hydrophilic macromonomer units). As the polymerization pro- 
ceeds further, the growth events appear mostly in the polymer particles. The wa- 
ter-phase polymerization generates the oligomer radicals which are absorbed by 
particles (nucleation is suppressed). 

The following rate equations are used for most analyses of the emulsion po- 
lymerization [9, 10, 16]: 



Rp=dx/dt=kp[M]eqnNp/NA=kp[M]eqnNp/nM"NA 



(17) 
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where [M]gq is the equilibrium monomer concentration in the polymer particles, 
nis the average number of free radicals per latex particle, and nj^° is the initial 
number of moles of monomer present per unit volume of water in the reactor. 

The dependence of final particle number on the initiator or emulsifier con- 
centrations according to the micellar and homogeneous nucleation theories is 
given by the following equation: 

NpOc [initiator]®-^ [emulsifier]®*^ (18) 

The time evolution of the average number of radicals per particle, n, is given 
by: 

dn/dt=p(l-2n)-2k(jesn^ (19) 

where p is the total entry rate coefficient, and is the exit rate coefficient. The 
value of is given by 

kdes=(3DwktrC„)/(rs2kpCp) (20) 

where is the diffusion coefficient of the radical in water, k^^ is the rate con- 
stant for transfer to monomer, is the concentration of monomer in the aque- 
ous phase, and r^ is the monomer-swollen particle radius. 

2.3 

Miniemulsions 

Miniemulsions are oil-in-water emulsions prepared by using a mixed emulsifier 
system comprising an emulsifier and a coemulsifier such as a fatty alcohol or a 
long chain alkane. The two main characteristics of miniemulsions are their good 
stability and their small droplet size in the submicron range. Hallworth and Car- 
less [20] proposed that the stability of miniemulsions containing long-chain al- 
kanes or fatty alcohols was derived from the existence of an adsorbed emulsifi- 
er/alkanol film at the oil/water interface whose rheological properties made col- 
lisions between droplets more elastic. On the other hand, Davis and Smith [21] 
suggested that the stabilizing effect of the long-chain additives occurred as a re- 
sult of the prediction of Higuchi and Misra [22] on the destabilization of emulsion 
by molecular diffusion. The high stability of the miniemulsions is probably a re- 
sult of both effects. The low water solubility of the coemulsifier may prevent a 
degradation of the miniemulsions due to molecular diffusion. The existence of 
the condensed emulsifier layer at the oil/water interface, as a result of the en- 
hanced emulsifier adsorption onto the droplets, may prevent the degradation by 
droplet-droplet coalescence. It is supposed that the coemulsifier reduces the equi- 
librium monomer concentration in the polymer particles. A coemulsifier such as 
an amphiphilic (like a fatty alcohol) or hydrophobic (like a long chain alkane) 
macromonomer is supposed to increase the stability of polymer miniemulsions. 

Miniemulsion polymerizations follow a different mechanism from the con- 
ventional (macroemulsion) emulsion polymerizations. Radicals generated in 
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the aqueous phase enter emulsified monomer droplets (monomer-swollen mi- 
celles) as primary or oligoradicals and propagate to form monomer- swollen pol- 
ymer particles. Nucleation of monomer droplets leads to a different rate of po- 
lymerization and a different final product. A coemulsifier greatly enhances the 
stability of small monomer droplets and therefore increases particle numbers. 
Miniemulsions still follow the typical Smith-Ewart kinetic model and are not 
simply “small” versions of suspension polymerizations [23]. 

The conversion-time curves appear to be very similar to the shape typical of 
emulsion polymerization, i.e., an S-shaped curve is attributed to the autoaccel- 
eration caused by the gel effect (Smith-Ewart 3 kinetics, n»l). The rate of po- 
lymerization-conversion dependence is described by a curve with two rate maxi- 
ma. The decrease in the rate after passing through the first maximum is ascribed 
to the decrease of the monomer concentration in particles. Particle nucleation 
ends between 40 and 60% conversion, beyond the second rate maximum. This is 
explained by the presence of coemulsifier which stabilizes the monomer drop- 
lets against diffusive degradation. 

It is accepted that the radical entry rate coefficient for miniemulsion droplets 
is substantially lower than for the monomer-swollen particles. This is attributed 
to a barrier to radical entry into monomer droplets which exists because of the 
formation of an interface complex of the emulsifier/coemulsifier at the surface of 
the monomer droplets [24]. The increased radical capture efficiency of particles 
over monomer droplets is attributed to weakening or elimination of the barrier 
to radical entry or to monomer diffusion by the presence of polymer. The poly- 
mer modifies the particle interface and influences the solubility of emulsifier and 
coemulsifier in the monomer /polymer phase and the close packing of emulsifier 
and coemulsifier at the particle surface. Under such conditions the residence time 
of entered radical increases as well as its propagation efficiency with monomer 
prior to exit. This increases the rate entry of radicals into particles. 

The first mathematical model for nucleation in monomer droplets was pro- 
posed by Chamberlain et al. [25]. In this model, polymer particles were consid- 
ered to be formed only upon the entry of the radicals into the monomer droplets. 
The rate of particle formation was expressed as a first-order entry process into 
monomer droplets: 

dNp/dt=Pi,ND (21) 

where p^) is the first-order entry rate coefficient of free radicals into the mono- 
mer droplets, is the number of monomer droplets, and t is the time. 

2.4 

Microemulsions 

Microemulsions (monomer-swollen micellar solution, micellar emulsions, or 
spontaneous transparent emulsions) are dispersions of oil in water made with 
emulsifier and coemulsifier molecules. In many respects they are small-scale 
versions of emulsions. They are homogeneous on a macroscopic scale but heter- 
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ogeneous on a molecular scale. They consist of oil and water domains which are 
separated by emulsifier monolayers. Micro emulsions are thermodynamically 
stable, transparent or translucent, and homogeneous systems with a particle 
size of about 5-50 nm. These media are multicomponent liquids that exhibit 
long-term stability, have a low apparent viscosity, and are generally isotropic. 
This may seem at first sight surprising, but it is due to the very low interfacial 
tensions between oil and water microdomains. When the tension is sufficiently 
low (<10“^ dyne cm"^), it can be shown that surface energy can be compensated 
for by dispersion entropy, thus minimizing the free energy of the system. Usual 
emulsifiers cannot lower the interfacial tensions between oil and water to such 
ultralow values. A coemulsifier, such as a short-chain alcohol, is frequently nec- 
essary. The use of macromonomers as a coemulsifier seems to be of great inter- 
est due to the incorporation of a large fraction of convenient macromonomer 
into the particle surface. This is the case if the macromonomer reduces the rigid- 
ity of the interface film, allowing the transition from well-organized phase to- 
wards an isotropic microemulsion. 

It was observed that the titration of a coarse emulsion by a coemulsifier (a 
macromonomer) leads in some cases to the formation of a transparent microe- 
mulsion. Transition from opaque emulsion to transparent solution is spontane- 
ous and well defined. Zero or very low interfacial tension obtained during the re- 
distribution of coemeulsifier plays a major role in the spontaneous formation of 
microemulsions. Microemulsion formation involves first a large increase in the 
interface (e.g., a droplet of radius 120 nm will disperse ca. 1800 microdroplets of 
radius 10 nm - a 12-fold increase in the interfacial area), and second the forma- 
tion of a mixed emulsifier/coemulsifier film at the oil/water interface, which is 
responsible for a very low interfacial tension. 

The most significant difference between emulsions (opaque) and microemul- 
sions (transparent) lies in the fact that stirring or increasing the emulsifier con- 
centration usually improves the stability of coarse emulsion. This is not the case 
with microemulsions - their formation depends on specific interactions among 
the constituent molecules. If these interactions are not realized, neither inten- 
sive stirring nor increasing the emulsifier concentration will produce a microe- 
mulsion. On the other hand, once the conditions are right, spontaneous forma- 
tion occurs and little mechanical work is required [26]. 

Microemulsion polymerizations follow a different mechanism from the con- 
ventional emulsion polymerizations. The most probable locus of particle nucle- 
ation was suggested to be the microemulsion monomer droplets [27], although 
homogeneous nucleation was not completely ruled out. The particle generation 
rate in microemulsion polymerization is given by an expression similar to 
Eq. (21), which was used for the miniemulsion polymerization of styrene [28]: 

dNp/dt=k'jR]^Ni) (22) 

where k'^ is the second-order radical rate coefficient for entry into the microe- 
mulsion droplets (monomer-swollen micelles), and [R]^ is the concentration of 
free radicals in the aqueous phase. 
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The particle population balance can be expressed as follows (a zero-one con- 
dition for the radical distribution, at most one growing radical in a particle): 

dNp/dt=kJR]^(N,-Ni)-kdesNi+k’jR]^Ni) 

Np=N,-Ni,n=Ni/Np 

where N^-Nj are the number of polymer particles containing zero or one radi- 
cal, respectively, k^ is the radical rate coefficient for entry into the polymer par- 
ticles, k^jgs is the radical desorption rate coefficient, and n is the average number 
of radicals per particle. The high desorption rate in the microemulsion runs in- 
fluences the polymerization process. It results from a small size of the microe- 
mulsion droplets or particles. 

Guo et al. [29] have estimated the entry rate coefficient, k’^, of radicals into mi- 
celles (microemulsion droplets) to be 7x10^ cm^mol"^ s"^ which is several or- 
ders of magnitude smaller than k^, the entry rate coefficient into the polymer 
particles. This was ascribed to the difference of the surface area of microemul- 
sion droplets and polymer particles. The condensed interface layer or the possi- 
bly high zeta-potential of the surface of the microemulsion droplets may hinder 
the entry of radicals. 

The presence of a very large number micelles indicates that radicals are cap- 
tured predominantly by the monomer-swollen micelles. Each entry of a radical 
to a monomer-swollen micelle leads to a nucleation event and therefore the par- 
ticle number increases with conversion. The particle growth is supposed to be a 
result of propagation of monomer and the agglomeration of primary particles. 
The dead monomer-swollen polymer particles and uninitiated monomer-swol- 
len micelles serve as a reservoir of monomer. Solution or bulk polymerization 
kinetics seem to govern the microemulsion polymerization process [30, 31]. 

3 

Micelles of PEO Amphiphilic Macromonomers 
3.1 

Introduction 

An emulsifier is a molecule that possesses both polar and nonpolar moieties, i.e., 
it is amphiphilic. In very dilute water solutions, emulsifiers dissolve and exist as 
monomers, but when their concentration exceeds a certain minimum, the so- 
called critical micelle concentration (CMC), they associate spontaneously to 
form aggregates - micelles. Micelles are responsible for many of the processes 
such as enhancement of the solubility of organic compounds in water, catalysis 
of many reactions, alteration of reaction pathways, rates and equilibria, reaction 
loci for the production of polymers, etc. 

The outer-core region of the micelle, commonly referred to as the palisade 
layer, may provide a medium of intermediate polarity that affects the energetics 
of transition state formation. The primary influence of micelles is to concentrate 
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all reactants in or near the micelles. Micellar catalysis exploits the ability of sur- 
factants that are virtually water-insoluble. When ionic surfactants are employed, 
polar or ionic reactants that are freely soluble in water may also be concentrated 
near the micelles by electrostatic or dipole interactions [32]. The increase in re- 
action rates depends on a number of factors, including the location of the solu- 
bilized reactant in the micelle; nonpolar compounds partition into the micelle 
core while more polar compounds are formed closer to the micelle-water inter- 
face. The extent of solubilization, ionic charge of the micelle, and the size and 
shape of the micelle are also important factors. 

An important group of surface-active nonionic synthetic polymers (nonionic 
emulsifiers) are ethylene oxide (block) (co)polymers. They have been widely re- 
searched and some interesting results on their behavior in water have been ob- 
tained [33]. Amphiphilic PEO copolymers are currently of interest in such appli- 
cations as polymer emulsifiers, rheology modifiers, drug carriers, polymer blend 
compatibilizers, and phase transfer catalysts. Examples are block copolymers of 
EO and styrene, graft or block copolymers with PEO branches anchored to a hy- 
drophilic backbone, and star-shaped macromolecules with PEO arms attached to 
a hydrophobic core. One of the most interesting findings is that some block mi- 
celle systems in fact exists in two populations, i.e., a bimodal size distribution. 

With nonionic PEO emulsifiers, intermolecular interactions vary with tem- 
perature and types of metal ions and solvents. At low temperatures, nonionic 
emulsifiers are hydrophilic and form normal micelles. At higher temperatures 
they are lipophilic and form reverse micelles. A weak interaction with metal ions 
favors the stability of associates against moisture. On the other hand, a strong in- 
teraction may lead to a completely amorphous system. Ethanol as a co-solvent is 
a moderate solvent for PEO at low temperatures, but its power improves as the 
temperature is raised [34]. This means that solutions of the PEO copolymers in 
water and ethanol have opposing temperature coefficients of solubility: negative 
for water and positive for ethanol. 

The water solubility of R-(EO)^ types of nonionic emulsifiers is derived from 
the weak interaction between the ether oxygen of EO unit and water. It was sug- 
gested that each EO unit in the PEO chain, requires three molecules of water to 
form a hydrated complex [35]. This hydrogen bond complex is destroyed if the 
solution is taken above the melting point of the PEO. Water usually acts as plas- 
ticizer when present in hydrophilic PEO polymers and Tg values decrease with 
increasing water contents [36]. This phenomenon in the PEO-water system is 
observed up to 1 mol water/ether group. Beyond this a rise in Tg is observed and 
water acts as an antiplasticizer. 

In aqueous solution, amphiphilic molecules aggregate into micelles above the 
critical micelle concentration. Such solutions have been the object of research 
for many years, with special interest in shape and size of these micellar aggre- 
gates [37]. Size and shape (spherical, wormlike, or disklike micelles) depend 
strongly on the molecular structure of the amphiphilic molecule. 

These amphiphilic compounds consist of a hydrophobic moiety connected to 
hydrophilic (crystallizable) PEO chains. PEO blocks having fewer than 12-13 EO 
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units are typically noncrystalline at room temperature and are miscible with the 
hydrophobic portion of the polymer, exhibiting water-like clarity As the 
number of EO units in the block increases, the consistency of the emulsifier will 
change to a hazy opaque liquid, then to a paste, and finally to a solid. PEO chains 
exhibit a marked increase in viscosity over the molecular weight range, presum- 
ably due to their highly polar (strongly interactive) nature. Gel formation and 
the high viscosity may be noted. The melting point of PEO emulsifier type is di- 
rectly related to the portion of the PEO hydrophile [38]. 

Water solubility, among other properties, changes according to hydrophilic 
content of the nonionic emulsifier. A nominal HLB value for ethoxylated hydro- 
phobes can be calculated by dividing the weight percentage of EO by 5. In es- 
sence, the calculated HLB or the polarity index is a direct function of EO content. 
Higher HLB values are therefore indicative of higher water solubility. Besides, 
the water content and cloud point may be correlated with HLB values. 

3.2 

PEO Unsaturated Macromonomers 

Poly(ethylene oxide) (PEO) macromonomers constitute a new class of surface 
active monomers which give, by emulsifier-free emulsion polymerization or co- 
polymerization, stable polymer dispersions and comb-like materials with very 
interesting properties due to the exceptional properties of ethylene oxide (EO) 
side chains. They are a basis for a number of various applications which take ad- 
vantage of the binding properties of PEO [39], its hydrophilic and amphipathic 
behavior [40], as well as its biocompatibility and non-absorbing character to- 
wards proteins [41]. Various types of PEO macromonomers have been proposed 
and among them the most popular are the acrylates and methacrylates [42]. 

One of the most important applications involves the formation of effective 
emulsifiers using macromonomer. Comb polymers with a hydrophilic base and 
hydrophobic grafted chains have been used for a long time for the steric stabili- 
zation of various dispersions, emulsions, etc. [1], but the approach using mac- 
romonomer greatly simplifies the formation of such substances and extends the 
range of the possible structural variants. Using poly(ethylene oxide) macromon- 
omer, various graft copolymers can be prepared [43]. 

Richtering et al. [44-46] have investigated a nonionic emulsifier (methacryloyl- 
terminated PEO, (EO)8-Cn-MA), i.e., -CH2=C(CH3)COO(CH2)n(OCH2CH2)8 
OCH3. The emulsifier (macromonomer) forms small spherical micelles with a 
molar mass of 44,000 g mol"^ radius of 3.4 nm, an aggregation number of 70, and 
CMC 3.4x10"^ mol dm"^. At high temperatures small micelles aggregate into ran- 
dom clusters. Phase separation on heating, with a lower critical solution tempera- 
ture of 43 °C and a hexagonal liquid crystalline phase, were observed. 

A different behavior of monomeric and polymeric molecules (polymacrom- 
onomers) in aqueous solution was found which was discussed in terms of strong 
correlation between molar mass and solution structure. Amphiphilic molecules 
try to minimize the contact area of hydrophobic groups with water molecules. 
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With monomeric molecules, the aggregation number of micelles is determined 
by equilibrium thermodynamics. In polymeric molecules, however, topological 
constraints are imposed on the system. If the degree of polymerization exceeds 
the aggregation number of the monomeric micelle, unsaturated sites of the pol- 
ymeric molecules become available (directed to the aqueous phase) and inter- 
molecular interactions (agglomeration) occur. In the case of polymer with M^= 
6.23x10^, typical surfactant behavior was found. 

The weight-average molecular weight (M^), intrinsic viscosity ([q] cm"^ g"^), 
and hydrodynamic radius (R^ nm"^) increase with increasing temperature. The 
second virial coefficient (A2) decreases with temperature: 2.3 xlO"^ mol cm^ g"^ 
at 10 X and 0.8 xlO"^ mol cm^ g"^ at 30 °C. 

At low temperatures, small spherical micelles are formed which aggregate to 
random clusters with increasing temperature. No indications for a transition 
from spherical to anisotropic micelles were found. At higher temperature, the 
molar mass increases which can be explained by aggregation of spherical mi- 
celles to random clusters. The increase of [ql^ed finite concentration with in- 
creasing temperature is a consequence of an increase in hydrodynamic volume 
due to aggregation. It was estimated that, on average, four water molecules are 
bound to one ethylene oxide group but this number decreases with temperature. 

The dependence of reduced viscosity on concentration is curved upward, 
which could be interpreted as entanglement of rod-like micelles and/or a strong 
micellar interaction [47]. The increase in microviscosity results mainly from the 
growth in micellar size [48]. 

Kawaguchi et al. [49] have applied the solubility of pyrene to characterize the 
micelle structure of PEO macromonomers. There are three noteworthy features 
of pyrene solubility dependence on polymer (PEO) concentration Cp. In the re- 
gion of low Cp, [pyrene] is nearly constant or increases slightly with Cp, but be- 
yond a certain Cp it increases quite steeply. Sharpness of this transition decreas- 
es with the decrease of the alkyl chain length. Above this transition point, the 
slope increases gradually and becomes constant in the higher Cp region. The dif- 
ferences in slope indicate differences in the partition coefficients between the 
micelles and solution, a, for pyrene. The a values are quite small, 1-3 orders of 
magnitude smaller than that in other micellar systems. Thus the hydrophobic 
domains in the micelles resulting from the present surfactants are not so ame- 
nable to dissolution of pyrene, as compared to those of more conventional sur- 
factant micelles such as SDS. The a values increase with increasing alkyl chain 
length of PEO macromonomers. 

The ratio I1/I3 (intensities of the first and third bands in the pyrene fluores- 
cence spectrum) changes from 1.8 in water to about 0.6 in aliphatic hydrocarbon 
solvents and decreases with increasing Cp. The high I1/I3 (1.58-1.65) at low Cp 
(ca. 1.58-1.65) was related to the existence of premicelles. 

The microviscosity of PEO micelles is comparable to that of SDS. To explore 
the possibility of specific interactions between pyrene and the PEO group, H- 
NMR spectra were measured for the PEO macromonomers (Ci-(EO)57-Cy-VB) 
in the presence and absence of pyrene. The spectra did not show any evidence of 
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interaction with the PEO. On the contrary, it was suggested that PEO interacts 
strongly with benzene or other aromatic hydrocarbons. The microviscosity of 
the micelles was also estimated from the pseudo-first- order rate coefficient for 
excimer formation for micellar pyrene [50]. 

The aggregation numbers N^gg is determined as 27 for Ci-(EO) 53 -C 4 -VB and 
38 for Ci-(EO) 53 -C 7 -VB micelles by analysis of fluorescence curves. A micelle 
formation mechanism is proposed for nonionic polymeric surfactants with 
weakly hydrophobic groups. At low concentrations of PEO macromonomers, 
large loosely aggregated structures involving the PEO chains are formed. At 
higher concentrations normal micelles form. These are star-shaped, with a hy- 
drophobic core surrounded by a corona of PEO chains. 

The polymerizability of R-(EO)n-VB macromonomers has its maximum (Rp) 
around n= 15-20 [51]. This finding was related to the micelle formation which is 
expected to be unfavored for either too long or too short chain length of PEO. 
The macromonomers and their polymacromonomers with very short R are sol- 
uble in water and therefore they lose their amphiphilic nature. The parameters 
of R and n of macromonomer (R-(EO)n-VB) were found to correlate with the 
formation of micelles and their structure. In the aqueous phase the scattering in- 
tensity increased with the concentration of macromonomer above the CMC. The 
critical micellar concentration in water was found to be in the range from 3.3 
xl0"^to 7.1x10"^ mol dm"^ for several R-(EO)j^-VB macromonomers. 

The parameter m/Vj^ was found to be related to the rate of polymerization; it 
means the average number of the molecules per unit volume of the micelle (the 
relative density of the micelle), where m is the average number of aggregated 
monomers in each micelle and the average volume of micelle. According to 
this finding, some micelle structures of PEO macromonomers were suggested. 
The macromonomers carrying hydrophobic and hydrophilic end groups agglom- 
erate in such a way that the hydrophobic unsaturated groups concentrate in the 
core and the hydrophilic PEO groups coil around the core to make the shell. The 
macromonomers carrying hydrophobic groups at both ends of the hydrophilic 
PEO chain form a loop-like arrangement of macromolecules in the micelle. 

Ferguson et al. [52] showed that for all series of PEO emulsifiers (macromon- 
omers) the CMC increases correspondingly with increasing length of the ethox- 
ylated chain. For example, with increasing EO number in a Ci 2 _i 4 -(EO)y-A mac- 
romonomer type (A=acrylate group) the CMC (10"^ mol dm~^) increased in the 
series 

4.5 (y=12)<5.3 (14)<6.7 (20)<13.3 (30). (24) 

This dependence is extremely weak with the series Cjg-(EO)y and C^g-(EO)yA 
which have very high nominal ethoxylate lengths (>30). It suggests that the CMC 
converges to some maximum value in any nonionic series of this type. At this 
point, the main factor seems to be the length of the hydrophobe. The CMCs of 
the surfactants with C^g hydrophobe are much lower than those with the Ci 2 _i 4 
hydrocarbon chain, i.e., the CMC for MA-(EO) 3 Q-Cig and MA-(EO) 3 o-Ci 2 _i 4 is 
1.3x10"^ and 13.3x10"^ mol dm"^, respectively. 
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A comparison of the data for Ci 2 _i 4 -(EO)y with those of Ci 2 _i 4 -(EO)y-A shows 
a consistent reduction in the CMC. For example, the CMC for Ci 2 _i 4 -(EO) 3 o-OH 
and Ci 2 _i 4 -(EO) 3 o-A is 31.6x10"^ and 13.3x10"^ mol dm"^, respectively. In gen- 
eral, acrylation may reduce the CMC by about a factor of two. 

The cloud point temperature passes through a maximum at ca. 20-30 EO 
units. For example, with increasing EO number in (EO)y-Ci 2 _i 4 > the cloud point 
(®C) increased in the following series: 

67 (y=2)<75 (4)<78 (10)<80 (20) (25) 

When macromonomer itself is an amphiphilic polymer, its polymerization in 
water occurs unusually rapidly as a result of organization into micelles. Cohin et 
al. [53] have shown that non-initiated monomer- swollen micelles act as a reser- 
voir of monomer and surfactant during the polymerization of macromonomer 
in the polymer (polymerizing micelles) particles. From light scattering meas- 
urements, relatively low critical micellar concentration (CMC) values were ob- 
tained together with rather large aggregation numbers, when compared to those 
for conventional nonionic surfactants. This type of behavior of the PEO mac- 
romonomers cannot be interpreted simply in terms of the current theory of mi- 
celle formation. There is no explicit reason why this PEO with very small hydro- 
phobic groups (styrene or MA) should aggregate in water. This may be attribut- 
ed to the intermolecular interactions of PEO chains and their dependence on the 
continuous phase type and temperature. For traditional surfactants (where the 
alkyl chain group is much larger than C 5 -hydrocarbon), the onset of association 
(CMC) corresponds to hydrophobic domain formation. This phase transition 
takes place over a narrow range of concentration where CMC is reached 

Short chain amphiphiles can be incorporated into the backbone of the poly- 
mer chains. The resulting graft macromolecules are able to form both intrachain 
and interchain aggregates. Polymeric surfactants assemble into a variety of in- 
trachain micelles. These polymeric surfactants and/or amphiphilic polymac- 
romonomers can also form mixed aggregates which incorporate free monomer- 
ic (macromonomer with a very small hydrophobic group) surfactants. 



3.3 

PEO Saturated Macromonomers 

An often studied group of nonionic surfactants (emulsifiers) is poly( ethylene ox- 
ide) monoalkyl ether of the general structure: Cjj^H 2 jn+r(C)CH 2 CH 2 )n-OH; (Cj^- 
(EO)J. 

In aqueous solutions of Cjn-(EO)n amphiphilic molecules, two interesting fea- 
tures are observed. First, isotropic micellar solutions undergo phase separation 
on heating. Such behavior is typical of hydrophobic interaction and is also ob- 
served for several water-soluble polymers. Hydrophobic interaction results from 
a change of order in the water structure [54] . Second, at high concentration, liq- 
uid crystalline phase behavior is observed with several structures [55]. 
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Phase diagrams of many Cj^-(EO)n systems were found to demonstrate the 
complex influence of hydrophilic-hydrophobic balance on miscibility gap and 
mesophases [37]. An unambiguous description of the solution structure is diffi- 
cult because size and shape of micellar aggregates can change with temperature 
and concentration. 

Mixed micelles, comprising both polymerized and free surfactants, are 
formed once the critical association concentration (CAC) of the free am- 
phiphiles is reached. The CAC is typically much smaller than the CMC for the 
formation of free micelles. As the fraction of unpolymerized surfactants within 
the mixed micelles grows, their structure approaches that of free micelles. 

3.4 

PEO Block and Graft Copolymers 

Block or graft copolymers in a selective solvent can form structures due to their 
amphiphilic nature. Above the critical micelle concentration (CMC), the free en- 
ergy of the system is lower if the block copolymers associate into micelles rather 
than remain dispersed as single chains. Often the micelles are spherical, with a 
compact core of insoluble polymer chains surrounded by a corona of soluble 
chains (blocks) [56]. Addition of a solvent compatible with the insoluble blocks 
(chains) and immiscible with the continuous phase leads to the formation of 
swollen micelles or polymeric microemulsion. The presence of insoluble poly- 
mer can be responsible for anomalous micelles. 

Several morphological studies of polymeric microemulsion have involved 
graft and block PSt/PEO copolymers in ternary solvent mixtures containing tol- 
uene, water, and either an alcohol or an amine acting as a cosurfactant [57, 58]. 
The co-emulsifier increases the dispersion capacity of the copolymers. 

Trace amounts of water are found in most organic solvents. Water strongly af- 
fects the structures formed by PSt-PEO block copolymers and induces forma- 
tion of microemulsions as well. Unusually large structures are observed in dry 
solutions that disappear upon addition of a small amount of water. Large aggre- 
gates were also observed in solutions of PSt-PEO diblock copolymers in selective 
solvents for polystyrene and were attributed to the crystallizability of PEO [59]. 
It was suggested that the crystallizability of PEO is responsible for the large ag- 
gregates found in dry cyclopentane; at higher water concentrations, water mol- 
ecules dissolve the PEO chains, reducing the driving force for the formation of 
large aggregates. Big aggregates were not observed in methanol, a selective sol- 
vent for PEO. 

At very small water concentrations, PEO chains are linked together by hydro- 
gen bonds with water acting as a “gluing” agent [60]. The large aggregate size 
does not change as the temperature is varied from 0 to 50 °C. Thus the strong in- 
teractions between hydrophilic moieties (PEO) promote the formation of struc- 
tures not present at higher water contents. 

Cogan and Cast [61] presented dynamic light scattering (DLS) data of poly- 
styrene-polyoxyethylene diblock copolymers in cyclopentane in the presence 
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and absence of water at 23 °C. Since water is a solvent for PEO and cyclopentane 
is close to a 0 solvent for PSt (T0=19.5 °C), the micelles consist of a PEO core 
swollen with water and protected by a polystyrene corona. 

In a solution of a larger polymer, PSt/PEO - 1730/170, with a polymer and wa- 
ter content of 1500 and 28 ppm, respectively, micelles with of 34 nm were ob- 

served. Since the micelle R^ values measured at 30, 60, and 90 °C were the same 
within experimental error, it was concluded that the micelles are relatively mon- 
odisperse. The micelle hydrodynamic radius increases from 34 to 48 nm as the 
water content is increased from 28 to 98 ppm in a 1500 ppm solution of the 
1730/170 block copolymer. 

The smaller block copolymers contain a much higher percentage of PEO and 
insoluble PSt block. Micelles with of 13 nm in solutions of 5800 ppm of poly- 
mer and 155 ppm of water were formed. increases to 18 nm at 1030 ppm of 
water. It was suggested the single chains have R^ values of the order of 2 nm. 

Block copolymers of polystyrene (PSt, hydrophobe) and polyoxyethylene 
(PEO, hydrophile) form spherical micelles in water when the length of water sol- 
uble PEO is significantly larger than that of the insoluble PSt portion of the mol- 
ecule [62] . In analogy with low molecular weight surfactants, one defines the on- 
set of intermolecular association as the critical micelle concentration (CMC). 
Theories of polymer micellization predict that the concentration of free, unas- 
sociated block copolymers is close to that of the CMC. 

The PEO-rich PSt-fc-PEO block copolymers form spherical micelles in aque- 
ous solutions [63]. The DLS measurements indicate the presence of a bimodal 
size distribution - two very narrowly distributed species. The smaller more mo- 
bile species had R^ corresponding to the star model of block copolymer micelles. 
However, 99% or more of the block copolymer is present as simple micelles. 

Fluorescence techniques have been used with great success in the study of 
PEO-b-PSt micelles [64]. In this study, the effect of polymer concentration on 
the fluorescence of pyrene present in water at saturation was studied. Three fea- 
tures of the absorption and emission spectra change when micellization occurs. 
First, the low-energy band of the (S 2 -S 0 ) transition is shifted from 332.5 to 
338 nm. Second, the lifetime of the pyrene fluorescence decay increases from 200 
to ca. 350 ns, accompanied by a corresponding increase in the fluorescence 
quantum yield. Third, the vibrational fine structure changes, as the transfer of 
pyrene from a polar environment to a nonpolar one suppresses the permissibil- 
ity of the symmetry-forbidden (0,0) band. 

PSt-fc-PEO block copolymers were suggested to form spherical micelles in 
water solution with a dense core composed of the insoluble PSt. Thus they pos- 
sess a core of a pure PSt phase surrounded by a water-swollen corona of PEO 
chains. One anticipates that the properties of the corona resemble those of typ- 
ical nonionic PEO-based emulsifiers. The core is much larger for block copoly- 
mer micelles leading to larger aggregation numbers. When traces of pyrene are 
added to these solutions, the pyrene penetrates the core phase. Several spectro- 
scopic properties are changed upon transfer into the more hydrophobic envi- 
ronment. 
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4 

Dispersion Polymerization of PEO Macromonomers 
4.1 

Copolymerization of PEO Macromonomers with Styrene 

The rate of dispersion copolymerization of PEO-MA macromonomer and sty- 
rene was found to increase with increasing initiator concentration {VA - water 
soluble, DBP (dibenzoyl peroxide) - oil soluble, [PEO-MA] =0.06 mol dm"^, 
[styrene]=2.13 mol dm"^ , in ethanol/water, v/v 4/1) [65,66]}: 

Rp,max«[VA]0 ® and Rp,^,,a[DBP]0 » (26) 

Exponents 0.6 and 0.8 deviate from both the homogeneous nucleation and 
micellar models. Thus the bimolecular termination between the growing radi- 
cals is suppressed. This behavior may also result from the surface activity of the 
graft copolymer formed. The higher the surface activity of graft copolymer the 
higher the particle number. This behavior would indicates that the graft copol- 
ymer formed within the particles (with DBP) is more efficient. 

One of the common approaches to infer the termination mechanism is based 
on the evaluation of the dependence of the molecular weight on the initiator 
concentration. The following dependences [67] 

Mn'^[DBP]-0-79 andM^oc[DBP]-0-82 (27) 

are in favor of the first-order radical loss process as it was already proposed by 
the kinetic data analysis (Eq. 26). The molecular weights of PSt-graft-PEO co- 
polymers are related to the colloidal stability. The more efficient stabilizer (PSt- 
graft-FEO) was formed in the DBP runs (a larger concentration of polymer par- 
ticles was observed). This finding is in a good agreement with the kinetic data 
analysis (Eq. 26). This difference should be discussed in terms of the variation of 
PEO fraction in the graft copolymer. However, the copolymer composition was 
nearly the same for both runs. The values of were generally one order of 
magnitude larger for the VA runs than those for the DBP ones. Thus the graft co- 
polymers with lower molecular weight were active as a stabilizer. The large 
PSt/PEO graft and block copolymers form district microdomains [68] and/or 
initiate the interparticle (micelle) interaction (aggregation) [46]. 

The molecular weights increase with conversion and the increase is much 
more pronounced for the VA runs. The strong increase of molecular weight with 
conversion results from the transfer of reaction loci from the solution to the pol- 
ymer particles. At low conversion the polymers are mostly formed in the contin- 
uous phase in which the termination rate is high. In polymer particles the local 
concentration of monomer is much higher than that in the continuous phase 
and, therefore, the growth events are favored in the polymer particles. 

The molecular weights of polymer products of the DBP runs are relatively low 
and very similar to those in the solution copolymerization [69]. These results in- 
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dicate that the monomer-DBP saturated polymer particles act as a “homogene- 
ous” reaction loci in which rapid termination (by primary radicals, induced de- 
composition of initiator, etc.) dominates. 

The dispersion copolymerizations of PEO-MA or PEO-VB with styrene were 
faster than those in solution [69]. The higher rates of polymerization at higher 
conversion are ascribed to association of macromonomers and graft copolymer 
molecules which favors the growth events (increases the concentration of un- 
saturated groups). The values of the ratio (kp/k^^-^) for PEO macromonomers are 
approximately one order of magnitude higher than those obtained for the low 
molecular weight monomers (St and MMA). Thus the compartmentalization of 
reaction loci due to organization of amphiphilic macromonomers and their 
graft copolymers favors the growth events. 

The dispersion copolymerization of PEO-MA macromonomer and styrene is 
presented in Figs. 1 and 2 [70]. The rate- conversion plot is curved with a maxi- 
mum at very low conversion. In all runs, neither the gel effect nor the stationary 
interval were observed. The strong decrease of the rate of polymerization with 
increasing conversion results from a decrease in the monomer concentration at 
the reaction loci (mainly in the polymer particles). The low monomer concen- 
tration in particles is a reason why the gel effect may be operative only at very 
low conversion. 
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Fig. 1. Dependence of monomer conversion in the the dispersion copolymerization of PEO- 
MA macromonomer and styrene on reaction time and [PEO-MA] (M„=100). Recipe: 5 ml 
of ethanol/water (4/1, v/v), 1.11 g styrene, 0.0273 g VA, temp, 60 °C. [PEO-MA]x 10^/ 
(mol dm-3)=2 (A), 4 (A), 6 (•), 8(0) 
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Fig. 2. Dependence of the rate of polymerization in the dispersion copolymerization of PEO- 
MA macromonomer and styrene on reaction time and [PEO-MA] (Mj^=1000). [PEO-MA] 
X 102/(mol dm-3)=2 (A), 4 (A), 6 (+), 8(0) 



The dependence Rp^max [PEO-MA] is curved, i.e., the reaction order x in- 
creases from 0.5 to 4. This behavior is attributed to the exponential increase of 
polymer particle number with macromonomer concentration. 

The reaction order 4.4 obtained from the plot Np vs [PEO-MA] is much larger 
than that for the classical stabilizer or emulsifier (close to 1.0). This finding in- 
dicates that the PEO-MA macromonomer (the graft copolymer) is much more 
efficient than the classical stabilizer. This finding was attributed to several fac- 
tors: first, the PEO units are chemically bound on the particle surface; second, 
the fraction of buried PEO units decreases with increasing PEO fraction in the 
graft copolymer; and third, the high organized aggregation of PEO macromon- 
omer and graft copolymer. 

The decrease in M^ of the graft copolymer with increasing [PEO-MA] was at- 
tributed to the decrease of monomer concentration in particles and the chain 
transfer events. The reaction order of [PEO-MA] exponentially decreased with 
increasing macromonomer concentration. 

The dispersion copolymerization of PEO-MA and PEO-VB macromonomers 
was found to produce monodisperse polymer particles. The PSD (D^/D^) was 
found to be close to 1.08 and it decreased with increasing the initiator and mac- 
romonomer concentration but increased with conversion [69, 70]. 
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In copolymerization of styrene, more monodisperse and smaller-size parti- 
cles were obtained with the PEO-MA macromonomer with a longer alkylene 
spacer group, thus indicating their effectiveness as reactive surfactant increases 
in the series [71] 

Ci-(EO)48-(MA)<Ci-(EO)48-C6-(MA)<Ci-(EO)48-Cio-(MA) (28) 

Thus the more hydrophobically enhanced MA end groups are more effective- 
ly grafted into the particle surface. The first one induced some precipitation. 

A stable dispersion was also obtained with Ci-(EO)i 7 -Cio-MA, a macromon- 
omer, and Ci 2 -(EO)i 9 -MA with a similar HLB produces extensive coagulation al- 
most from the beginning of polymerization, indicating ineffectiveness of the hy- 
drophobic group introduced at the other end of the MA group. 

The rate of the dispersion copolymerization of PEO-MA with styrene in- 
creased with increasing temperature [72], which was attributed to the increased 
rate of initiation and particle formation. The overall observed activation energy 
(Eq) for the dispersion copolymerization of PEO-MA or PEO-VB macromono- 
mer and styrene was found to be 48 or 53 kj mol"k These values are much lower 
than those (ca. 90-100 kJ mol"^ [73]) obtained in the solution polymerization of 
low molecular weight monomers. 

The overall activation energy (E^) is given by the expression 

E^=Ep-Et/2+Ed/2 (29) 

where Ep is the activation energy for propagation, E^ is the activation energy for 
termination, and Ej is the activation energy for decomposition of initiator, a 
complex function of the monomer and particle concentration. It is known that 
the polymerization of macromonomers is diffusion controlled, the reactivity of 
macromonomer growing radicals is low due to the high segment density at the 
radical end, polymer chains and macromonomers are highly incompatible, 
composition of polymer particles is heterogeneous, etc. Under such reaction 
conditions the E^j/2 parameter should be constant and the product (Ep-E^/2) is 
supposed to vary. With increasing temperature the viscosity of particle interior 
(increased bimolecular termination) decreases which increases the incorpora- 
tion of PEG groups into the particle interior. 

The role of the graft copolymer formed in dispersion polymerization of PEG 
maleic macromonomers (RiGCGCH=CHCG-(CH 2 -CH 2 -G)jj-R 2 , PEG-MAL) 
and styrene was investigated by Lacroix-Desmazes andGuyot [74], where a con- 
tinuous phase was ethanol/water and the macromonomer (PEG-MAL) type var- 
ied as follows: Ri=H, R 2 =CH 3 and n=49. 

The conversion-time curves for the dispersion polymerization of styrene in 
the presence of PEG-MAL and PVPo (polyvinylpyrrolidone) showed in both 
runs that the gel effect was at ca. 20% conversion. It was found that the gel effect 
was accompanied with a rise of the molecular weight and a broadening of the 
molecular weight distribution. 

The macromonomer system gives a polymer dispersion with larger particles 
nm, Dn^pyp=980 nm, 3.1 wt% for styrene), narrower size distribu- 
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tion {D^/Dn=1.04 (PEO-MAL) and 1.13 (PVPo)} and lower (without) coagulum 
(3.9 wt% with PVPo) compared with the PVPo system. 

It was found that at the end of the polymerization, the incorporation yield of 
macromonomer is very low, i.e., 3.3%. At this point, however, the macromono- 
mer conversion is more than 90%. Furthermore, a small fraction of the macrom- 
onomer is weakly adsorbed, whereas the major part (88.1%) is lost in the serum. 
This means that only a small part of the macromonomer actually takes part in 
the stabilization. Thus the chemically bonded as well as the physically adsorbed 
species stabilize the polymer particles. 

The analysis of the reaction serum (the continuous phase without polymer 
particles) at the end of polymerization led to the conclusion that the molecular 
weight of the soluble oligomers of styrene and PEO macromonomer varied from 
200 to 1100 g mol"k This indicates that the critical degree of polymerization for 
precipitation of oligomers in this medium is more than ten styrene units and 
only one macromonomer unit per copolymer chain. Several reasons for the low 
molecular weight of the soluble copolymers were proposed, such as the thermo- 
dynamic repulsion (or compatibility) between the PEO chain of the macromon- 
omer and the polystyrene macroradical, the occurrence of enhanced termina- 
tion caused by high radical concentration, and, to a lower extent, a transfer re- 
action to ethanol [75]. 

The colloidal stable polymer dispersions, the monodisperse polymer parti- 
cles, and high conversions (85-100%) can be obtained with most of the other 
macromonomers (MAE, VB, and MA) of PEO (M^p£o=2000)) [76]. Also, when 
macromonomers are used (3.1 wt% based on styrene), there is practically no co- 
agulum produced. This is not the case in the presence of polymerizable PEO sur- 
factants (surfmer I: Ri=CH 3 (CH 2 )n-, R 2 =H, n=34 and surfmer II: Ri=CH 3 
(CH 2 )ii-, R 2 =H, n=42) despite the higher amounts of stabilizer used (up to 
60 wt% of coagulum). Furthermore, the particles are more monodisperse with 
PEO macromonomer (D^/Dj^=1.025 for PEO-MA and 1.13 for PVPo) compared 
to those with surfmer. Comparatively poorer results were obtained with conven- 
tional surfactants such as ethoxylated nonylphenol, even when used in large 
amounts. 

The incorporation yields of the stabilizers are always very limited, but the 
highest value is obtained for the PEO-MA macromonomer, and the lowest for 
the amphiphilic compound (surfmer) with the longest hydrophobic sequence 
ca. 0.5%: 

Grafted%/PEO-type:3.3/MAL<5.7/MAK11.6/VB<14.7/MA (30) 

The mechanism of polystyrene and poly(methyl methacrylate) particle for- 
mation in the presence of PEO-MA macromonomer in the presence of conven- 
tional stabilizer (PVPo) and the graft copolymers (PSt-gra/t-PEO), respectively, 
was discussed [77] .At the beginning of dispersion polymerization (in methanol) 
of MMA (0-250 s) using PVPo, very small particles were formed (12-35 nm in 
diameter). The population of bigger particles was roughly stabilized at ca. 
345 nm in diameter. In the dispersion polymerization of styrene, small particles 
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(12 nm) were detected, and the average particle size of the bigger population was 
stabilized at ca. 92 nm. Using PEO-MA (M^=2000) macromonomer, small par- 
ticles of about 11 nm were sparingly detected, and the average diameter of big- 
ger population was stabilized at ca. 88 nm, which is in the same range as for the 
PSt particles using PVPo as stabilizer. The aggregation of these unsaturated nu- 
clei is suggested to be very fast, leading to particle greater than 300 nm and 
80 nm for PMMA and PSt, respectively, within a few seconds. The measured av- 
erage particle size is quickly stabilized at a value which corresponds to the diam- 
eter of the primary (premature) particles. 

The estimated data (using Paine's model) were found to be in good agreement 
with experimental measurements obtained in St/PVPo and St/PEO-MA systems. 
However, in the case of MMA/PVPo, the model (e.g., Df - the final particle diam- 
eter) deviates strongly from experimental data. The deviations were discussed in 
terms of partitioning of the stabilizer (conventional, grafted stabilizer) between 
the particle surface and the serum and the efficiency of the graft stabilizer which 
depends on: 

1. relative molecular weight of the grafts: the higher the molecular weight of the 
grafts, the higher the probability of adsorption on the particles; 

2. solubility parameter of the serum: the greater the difference in the solubility 
between the grafts and the serum the higher the probability of adsorption on 
the particle; 

3. compatibility between the stabilizing polymer and the core polymer: the low- 
er the compatibility between the stabilizing polymer and the core polymer 
the lower the risk of burying the graft stabilizer; 

4. proximity of the polymerization temperature from the glass transition tem- 
perature Tg of the particles; the higher the Tg of the polymer particles the low- 
er the possibility of the stabilizing polymer chains to reorient on the surface 
of the particles. 

The preparation of monodisperse micronsized polymer particles by radical 
dispersion copolymerization of styrene with PEO macromonomers having p- 
styrylbutyl endgroup (Mj^=2000) in methanol/water (90/10, v/v) and modeling 
of colloidal parameters were shown in [12, 78]. The polymer particle diameter 
varied within the range 0.3-0.5 pm. The dependence of the particle size on the 
experimental conditions was modeled into the expression 

rocxO-33Wio2^^(ri/W2oS„it)“-^ (31) 

This model is based on the particle formation during polymerization where 
the polymer particles are sterically stabilized by graft-copolymerized PEO 
chains on the particle surface. In the later stage the polymer particles were sup- 
posed to grow in size mainly by copolymerization of monomers occluded in the 
particles which may favor the substrate monomer (styrene) over the macromon- 
omer as compared to the composition in the continuous phase. 

It was estimated that for a PEO segment of about 50 units, the area which can 
be covered by the random coil, i.e., of unperturbated dimensions, is about 
1100 A^. This value is not far from data obtained for most stabilizers except for 
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PEO-VB macromonomer. On the other hand, if one takes into account the ad- 
sorbed species, the values are much lower, and closer to the saturation values 
(around 159 A^) where the conformation of the PEO chains should be a thick 
brush. 

The stable polymer dispersions with small-sized polymer particles of diame- 
ter >60 nm were prepared by dispersion copolymerization of PEO-MA macrom- 
onomer with styrene, 2-ethylhexyl acrylate, acrylic and methacrylic acids, and 
butadiene at 60 °C [79]. The particle size was reported to decrease with increas- 
ing macromonomer fraction in the comonomer feed. Besides, it varied with the 
type of the classical monomer as a comonomer. Tg of polymer product was 
found to be a function of the copolymer composition, the weight ratio macrom- 
onomer/monomer, and monomer type and varied from 50.6 to 220.4 °C. 



4.2 

Copolymerization of PEO Macromonomers with Alkyl Acrylates and Methacrylates 

High conversions (close to 100%) can be obtained by the dispersion copolymer- 
ization of PEO-MA with butyl acrylate initiated by a water-soluble initiator ( VA) 
[80]. The conversion curves have a shape similar to that for the dispersion copo- 
lymerization of PEO-MA with styrene. In runs with AIBN the final conversion 
was around 90% and/or the polymerization was very slow at high conversion. 

The dependence of Rp on conversion was described by a curve with a maxi- 
mum at ca. 20-30% conversion. The initial increase in the rate of polymerization 
was ascribed to the increase in the particle concentration, the gel effect, and the 
monomer saturation conditions. The decrease in the rate above ca. 30% conver- 
sion results from the decrease of the concentration of monomer in the polymer 
particles. The particle size was observed to increase while the number of parti- 
cles decreased with conversion. The decrease of particle number with conver- 
sion probably results from the agglomeration of sticky polyBA particles and/or 
the intermolecular (interparticle) interaction of PEO graft polymers. The reac- 
tion order x=0.7 (Rp^max [AIBN]^) supports the contribution of the first radi- 
cal loss process. This behavior, however, is also contributed to by the variation 
of the surface activity with the molecular weight of graft copolymer, i.e., the low- 
er molecular weight of graft copolymer the higher the number of polymer par- 
ticles (the lower surface activity of the graft copolymer) (see above). 

It was reported that with increasing [PEO-VB] ((Ci-(EO)53-alkyl-VB, where 
alkyl chains were C^, C4 and Cy)), the latex particle radius decreased [12] as 

ra[PEO-VB]-0-56 (32) 

On the other hand, with decreasing alkyl chain length separating the styrene 
(vinylbenzene) group from PEO the particle size increases. This was interpreted 
in terms of differences in r^ (a reactivity parameter) values. It was assumed that 
the apparent reactivity of the macromonomer (l/r^) (characterizing the relative 
reactivity of the macromonomer towards poly(butyl methacrylate) radical) in 
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the polar medium increases with the length of the alkyl chain. Macromonomers 
with long alkyl chains are more liable to be adsorbed onto non-sterically stabi- 
lized parts of the hydrophobic latex particle surface. This would increase both 
the local concentration of macromonomer and the particle stability. 

The longer the PEO chain the smaller the particles at the same macromono- 
mer concentration: 

roc(nEo)-°-'^ (33) 

This result corresponds to an increase in the surface area occupied by a single 
PEO chain. The particle size was found to increase strongly with increasing 
butyl methacrylate (BMA) concentration, but to slightly decrease with increas- 
ing initiator concentration as follows: 

roc [BMA]0*^2 [AIBN]-o*i (34) 

The reaction order 0.82 was attributed to decreasing S^^it fraction 

of PEO in a graft copolymer. Copolymerized macromonomer may not be ad- 
sorbed onto the particle surface but may transform into the particle interior 
and/or the continuous phase [74, 76]. A slight decrease in the particle size with 
[AIBN] maybe attributed to the nucleation of larger numbers of primary parti- 
cles due to the formation of graft copolymers with higher stabilizing efficiency 
(graft copolymers with lower molecular-weight are more efficient as stabilizers 
[ 11 ]). 

Dispersion copolymerization of PEO-MA macromonomers (Ci-(EO) 4 g-MA, 
Ci-(EO) 48 -C 5 -MA, Ci-(EO) 48 -Cio-MA) with MMA was successful in producing 
very stable PMMA dispersions of micron size [81]. In this case, however, Cj- 
(EO) 4 g-MA was more effective in giving monodisperse particles than Cp(EO) 4 g- 
Cjq-MA (the reverse is true with styrene, see above). The particles obtained were 
found to have uneven surfaces with a number of craters. These results suggest 
that some compatibility between PMMA and PEO chains and also between 
PMMA and the medium (methanol/water) may play a role in controlling the 
particle formation. 

5 

Emulsion Polymerization of PEO Macromonomers 
5.1 

Homopolymerization of PEO Macromonomers 

Gramain and Frere [82] observed that the free radical polymerization of oo-meth- 
acryloyl terminated PEO macromonomers in the aqueous phase deviates from 
the solution polymerization. Polymerizations initiated by KPS in water were 
much faster than those that proceeded in the solution. Low molecular weight pol- 
ymers were formed in the aqueous systems (ca. up to 20 macromonomer units 
were incorporated into polymer molecules). 
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Fig. 3. Dependence of monomer conversion in the emulsifier- free emulsion polymerization 
of PEO-VB macromonomers on the reaction time and the PEO-VB type [81]. Recipe: [PEO- 
VB]=0.045 mol dm ^ [AVA]=0.45xl0-3 mol dm'^ (in water), [A1BN]=2.25 xlO'^ mol dm”^ 
(in benzene), 60 "C. In water: Ci8-(EO)35-VB (A), Cg-(EO)43-VB (A), Ci-(EO)25-VB (+), 
C4-(E0)39-VB (O),tC4-(E0)32-VB (•), in benzene: C4-(EO)39-VB (□) 




The mechanism of the emulsifier-free emulsion polymerization of PEO mac- 
romonomers (Ci-(EO)24-VB, tC 4 -(EO) 24 "VB, Ci-(EO)24-MA, tC4-(EO)24-MA, 
etc.) initiated by AVA was evaluated by Ito et al. [ 81 ] (Fig. 3 ). The higher polym- 
erization rates of the macromonomers were ascribed to the lower rate of diffu- 
sion-controlled termination due to their highly crowded segments. The high po- 
ly merizability of the amphiphilic PEO macromonomers in water was also attrib- 
uted to their organization into micelles which locally concentrate and orientate 
the hydrophobic polymerizing groups for propagation. Besides, the chemically 
bound surface active groups on the particle surface favor the formation of fine 
colloidal stable dispersion. 

The square-root dependence of [AVA] supports the conventional (instantane- 
ous) bimolecular termination of the growing radicals and/or the higher nuclea- 
tion activity of the present system compared to the micellar model [ 9 , 10 ]. The 
high rate of polymerization resembles the polymerization in particles and was 
discussed in terms of the micellar polymerization considering that the was ex- 
tremely low. The linear dependence of Rp on the macromonomer concentration 
(the first-order dependence of [tC4-(EO)24-MA] or [tC4-(EO)24-VB]) was attrib- 
uted to the linear dependence of the number of micelles on the macromonomer 
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concentration. This system is transparent, colloidally stable, and macroscopical- 
ly homogeneous which results from the very small particle size. The very small 
particles result from the strong association of PEO macromonomers within the 
micelles or the interface. The macromonomer acts as monomer and emulsifier 
as well. It takes part in the growth events and in the formation of the polymac- 
romonomer or graft copolymer (or stabilizer). 

The rate of polymerization was found to decrease with increasing alkyl chain 
length from to C^g (hydrophobe) and decreasing EO number (from 60 to 15) 
in the macromonomers of structure R-(EO)n-VB. The polymerizability of R- 
(EO)j,-VB macromonomers has its maximum (R ) for n= 15-20. Causes of this 
behavior may be attributed to variations in the end-group spatial dimension and 
chain end interactions. Thus the macromonomer and its graft copolymer with 
longer R and shorter PEO chains are highly ordered in micelles or particles. The 
decrease in the rate of polymerization with increasing PEO chain length was also 
observed with macromonomers Cig-(EO)^^_ 25 -MA and Ci 2 '(E^)i 4 -i 9 "^^> 
spectively [83]. This may be attributed to the decreased radical entry rate and 
the increased interparticle agglomeration. 

The high rates observed in the polymerization of macromonomers H-(EO)j^- 
(a-p-)VB and H-(EO)n-(a-)MA in water initiated by AVA [84] were discussed in 
terms of a more compact, denser micelle, giving rise to a higher rate of polymer- 
ization than the corresponding w-methoxy derivatives of a comparable degree of 
polymerization. co-Methoxy groups were reported to interact with a-ends, caus- 
ing a somewhat looser organization of amphiphilic monomers. The presence of 
hydroxyl groups increases the hydrophilicity of PEO chains (or the HLB of the 
surfactant - the amphiphile) and consequently the stability of polymer particles. 

Figure 4 shows that the emulsion polymerization of PEO macromonomers 
(R-(EO)j^-(CH 2 )jn"St) with hydrophobically enhanced styryl end group is very 
fast after the start of polymerization [85]. The acceleration of polymerization is 
more pronounced with a macromonomer containing a larger fraction of hydro- 
phobic units. The strong decrease of the rate with conversion may be attributed 
to the depletion of free macromonomer micelles or macromonomer. The styryl 
endgroups characterized with high hydrophobicity are expected to be organized 
into the more compact micelle cores to enhance the local concentration of un- 
saturated groups. The polymerization in water with AVA was much faster than 
that in benzene with AIBN. Since the decomposition rates of AVA in water and 
AIBN in benzene were found to be only a little different from each other, it was 
suggested that the comp art mentalization of reaction loci is responsible for the 
fast polymerization in water. 

Similarly, the rate of polymerization of PEO-MA macromonomers was found to 
increase with increasing hydrophobicity around the M A end group in the order [71] 

Ci-(EO)48-MA<Ci-(EO)48-C6-MA<Ci-(EO)48-Cio-MA (35) 

This result supports the micellar polymerization mechanism, i.e., the strong- 
er hydrophobic intermolecular interactions between PEO molecules favors the 
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Fig. 4. Dependence of monomer conversion (open symbols) and the rate of polymerization 
(closed symbols) in the emulsifier- free emulsion polymerization of PEO-VB macromono- 
mers on reaction time and the PEO-VB type [85]. Recipe: [PEO-VB]=0.045 mol dm"^, 
[AVA] =0.45x10“^ mol dm“^, 60 °C. In water: Ci-(EO) 3 g-C 7 -VB (O,#), Cr-(EO) 25 -VB (A, A) 



formation of larger numbers of micelles (reaction loci). It was found that Cp 
(EO)p-C io"MA polymerized more rapidly and gave higher final conversions 
than Ci 2 -(EO)i 9 -MA. This indicates the importance of the location of the hy- 
drophilic and hydrophobic chains within the PEO macromonomer or relative to 
the MA group. Thus the location of the hydrophobic alkyl spacer group between 
PEO and MA favors the association and the growth events. With the Cp-(EO)i 9 - 
(MA) macromonomer it is considered that PEO chains take a loop conforma- 
tion, giving rise to a flower-like micelle, which is entropically unfavored and 
makes a barrier between the propagating radical and the unsaturated group. 

The higher the hydrophilicity of macromonomer, the lower the final conver- 
sion. This may be attributed to the formation of hydrophilic or surface active ol- 
igomer radicals and the low or high radical entry rate. In the system with hy- 
drophilic Ci-(EO)p-MA, the limiting conversion was ca. 60%. Thus the low rate 
of polymerization at ca. 50 or 60% conversion may be discussed in terms of the 
solution polymerization, a strong bimolecular termination and the low radical 
entry rate. 

The micellar organization of macromonomers and their polymers or growing 
radicals in water, together with the high initiation efficiency, enhanced rate of 
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propagation, and reduced rate of termination were supposed to be responsible 
for the very high rate of emulsion polymerization of PEO-VB (Ci-(EO) 4 g-VB) 
macromonomers [86]. It was found that Rp was more than 50 times higher in 
water than in benzene. However, the initial rate of polymerization is the maxi- 
mum one. The square-root dependence on [initiator] was discussed in terms of 
the conventional bimolecular termination. However, in the terms of the micellar 
model, the increase in the reaction order above 0.4 is attributed to the delayed 
termination. The increase in the reaction order above 0.4 may also be discussed 
in terms of the variation of the surface activity of graft copolymer with its mo- 
lecular weight (see above). The one-order dependence of Rp on the macromon- 
omer concentration strongly deviates from the micellar model, case 2. This re- 
sults from the increase of the particle number (reaction loci) with increasing 
macromonomer concentration. The one-order dependence of Rp on [M] in the 
classical emulsion polymerization results from the polymerization under the 
monomer starved conditions and/or in interval 3. 

In the aqueous polymerization of Ci-(EO) 4 o-Cii-MA macromonomer [87], 
the rate of its polymerization in water was extremely high (within 30 min) as 
compared to its solution polymerization in benzene (days). It follows first-order 
kinetics with respect to the macromonomer concentration and one-half-order 
with respect to peroxodisulfate concentration, respectively. Thus formation of 
an organized structure, increased local concentration of unsaturated groups in 
the micelle core, increased number of particles (reaction loci) with macromon- 
omer concentration, and delayed (and depressed) termination are responsible 
for this behavior. The aqueous system produced polymers with ranging 
from about 130 to 160, but it was much lower (DP^=7) for the benzene system. 
Thus the increased monomer concentration in particles (micelles) and/or the 
organized structure macromonomer aggregates favors the growth events. Be- 
sides, the activation energy for macromonomer polymerization were 57 kj mol" 
^ in water but 179 kJ mol"^ in benzene. Compartmentalization of reaction loci 
decreases the termination rate but increases the activation energy of termina- 
tion. This leads to an increase in both the rate of polymerization and the molec- 
ular weight of polymer. However, under the present reaction condition the rate 
of polymerization is a complex function of the rate of initiation and the particle 
formation. The number of polymer particles varies with the rate of initiation 
and the molecular weight of graft copolymers as well. The activation energy (the 
rate of polymerization) thus varies with the rate of initiation and the particle 
concentration (the surface activity of graft copolymer is a function of the molec- 
ular weight of graft copolymer which decreases with temperature). 

Bis-unsaturated PEO macromonomers (VB-(EO)j^-VB, n=21-67) having hy- 
drophobic polymerizable vinylbenzyl groups at both ends were found to be very 
effective in the formation of stable microlatexes [88]. Two different types of the 
hydrophobic polymerizable VB group were observed in the micelles; within the 
micelle core or outside the core. The first vinylbenzyl groups were reported to 
form “strongly organized” micelles. These groups were predominantly con- 
sumed during the polymerization and responsible for the high rates of polym- 
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erization. Loosely organized unsaturated groups are inactive in polymerization. 
However, association of PEO macromonomers with n=67 into micelles was de- 
pressed. In this case lower rates and molecular weights were observed. As the 
number of EO units in macromonomer increases, the intermolecular interac- 
tions between PEO chains increase. And because of this the solubility of PEO 
molecules decreases and the viscosity of reaction system (gel formation) in- 
creases [89, 90]. This is one reason why the efficiency of PEO macromonomer 
with very long PEO chains in emulsion polymerization decreases. The particle 
shell (PEO) barrier for the radical entry is an additional parameter which influ- 
ences the rate of initiation, the particle nucleation, and growth events. The dens- 
er the PEO shell the lower the radical entry rate. 

The reaction order with respect to macromonomer concentration was found 
to be 1.0 for macromonomer with n=21 and 1.2 for macromonomer with n=41, 
respectively. It increases slightly with increasing number of EO units. This indi- 
cates that macromonomer with n=41 is organized in more compact micelles 
with higher concentration of unsaturated groups and generates more stable pol- 
ymer particles. For n=67, strong intermolecular interactions (gels) form large 
aggregates which decreases the amount of monomer for the formation of mi- 
celles and growth events. 

Molecular weights were very high, increased up to a critical number of EO 
groups (n=41) and then decreased. In runs with n=21 and 41, the macrogel is 
also formed. Gelation also took place which is attributed to intermolecular 
crosslinking. 

5.2 

Copolymerization of PEO Macromonomers with Styrene 

Macromonomers of co-methoxy PEO undecyl-a-methacrylate (PEO-R-MA) of 
the structure CH30(-CH2CH20-)n(CH2)ii-C02(CH3)C=CH2 were found to give 
a stable emulsion with styrene [91]. The relative reactivity l/r2 was found to de- 
crease with increasing PEO chain length (or the number of EO groups (n) in an 
(EO)^-R-MA macromonomer molecule) and was higher in the emulsion than in 
the solution. The higher reactivity of macromonomer in water was attributed to 
the aggregation of macromonomers into micelles and the high local monomer 
concentration in the polymer particles. The apparent higher reactivity of PEO 
macromonomer in emulsion copolymerization as compared to solution implies 
that the polymerization may proceed preferentially at the site between the cores 
and shells of micelles or particles. It is envisaged that the vinyl groups of mac- 
romonomers were concentrated in micellar cores (containing styrene solubi- 
lized) which were surrounded by PEO chains extended into aqueous phase to 
form shells. This situation will effectively remove the repulsion between polysty- 
ryl radicals and PEO chains, which retarded the polymerization observed in the 
solution system. 

The average particle diameter (D/nm) for the (EO)4 q-R-MA macromonomer 
(Mj) increased with increasing wt.% fraction of St in the monomer feed and the 
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particle size distribution varied between 1.14 and 1.01 (D varied between 30 and 
90 nm). On the other hand, the latex particles produced by the emulsion copol- 
ymerization of (EO)iq-R-MA or (EO)i 5 -R-MA macromonomer ([M 2 ]/[MJ = 
75.2) were much larger and the size decreased with increasing number of EO 
groups in macromonomer (D varied between 30 and 300 nm). 

The values (in 10"^ units) increased from 1.1 to 1.4 ((EO)iq-R-MA), from 
1.1 to 1.7 ((EO)i 5 -R-MA) and from 2.9 to 4.1 ((EO) 4 q-R-MA) with increasing mo- 
lar ratio [styrene] /[macromonomer] from 39 to 95. Simultaneously, the appar- 
ent molecular weight distributions decreased from 3.56 to 2.96, 3.98 to 2.73, and 
from 1.9 to 1.75, respectively. These data show that the apparent molecular 
weight of copolymer increases slightly with increasing weight fraction of styrene 
in the monomer feed. 

The ratio (MWD) decreased with increasing PEO-MA fraction in the 

monomer feed and/or the number of EO units in the macromonomer. Generally, 
the in bulk (homogeneous) systems is a function of the termination 

mode and the chain transfer events and varies between 1 and 2. In the present 
disperse systems, MWD is much broader (much above 2) as a result of further 
contributions, such as polymerization in the continuous phase, interface, and 
polymer particles. The chain transfer to PEO chains decreased the molecular 
weight, i,e., the of copolymer decreased with increasing macromonomer 
concentration and PEO chain length. 

A special class of surfactants (macromonomers) derived from maleic anhy- 
dride, namely the ethoxyalkyl maleates, with the general structure 
CH 3 (CH 2 )nOCO-CH=CH-CO(OCH 2 CH 2 )mOH, was very efficient in the prepa- 
ration of polymer latexes by copolymerizations with styrene (initiated by VA 86 
at 70 °C) [92]. The diameter of latex particles increases throughout the reaction 
and monodisperse latex particles of 200 nm (for m=32) and 300 nm (for m=41) 
in diameter have been finally produced. High rates of polymerization resulted 
from the polymerization in micelles. Indeed, the critical micellar concentrations 
of some macromonomers with dodecyl group as fatty chain and various PEO 
chain lengths, namely 32 and 41, were found to be 1.79x10"^ and 6.22x10" 
^ mol dm"^, respectively, increasing as expected with the PEO chain length. 

The emulsifier-free emulsion copolymerization of styrene and poly(meth- 
acrylic acid) (PMA) macromonomers 

R-S-(CH2-{C(CH3)(C02H)}„-CH2-(C6H5)C=CH2); 

2a: R=C(CH 3 ) 3 , 2 b: R=HOCH 2 CH 2 - 

initiated by AVA was fast and the polymer dispersions were stable [93]. The re- 
sults favor the previous finding that the copolymerization of macromonomer 
was much faster in water than in solution. Besides, the final conversion reached 
in homogeneous copolymerization was very small even at 24 h while in the 
emulsion copolymerization it was ca. 90% conversion (Table 1). 

In both systems (2a and 2b) the size of polymer particles decreased and the 
number of particles strongly increased with increasing macromonomer (neu- 
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Table 1. Variation of kinetic, molecular weight, and colloidal parameters of dispersion copo- 
lymerization of PMA macromonomer and styrene 
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^ Degree of neutralization of PMA macromonomer 
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tralized or not neutralized) concentration and the decrease in D (or increase in 
N) was much more pronounced with a neutralized macromonomer. The de- 
pendence of the number of particles and particle size on the degree of neutrali- 
zation in the run 2a was described by a curve with a maximum at 0.2 (10 wt% of 
macromonomer in the feed). The decrease in the nucleation activity with in- 
creasing degree of neutralization (aj^>0.2) is more pronounced in the runs with 
smaller ratio [macromonomer] /[styrene]. 

The molecular weights of polymers in the 2a run were found to increase 
strongly with the degree of neutralization. This may result from the partitioning 
of monomer and macromonomer between the core and shell of particles. The 
increase in hydrophilicity of macromonomer decreases the contact between 
monomer and macromonomer. On the other hand, the increase in hydro- 
phophilicity of macromonomer leads to the compartmentalization of macrom- 
onomer. In the run 2b, where the macromonomer is much more hydrophilic, the 
mutual solubility is low and, therefore, the growth events in particles are sup- 
pressed. However, the large a value of macromonomers disfavors the mutual 
solubility and thus copolymerization and formation of polymers of larger mo- 
lecular weight. 
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Poly(ethylene oxide) macromonomers carrying dodecyl, octadecyl, or poly- 
styryl groups at one end and methacryloyl (or p-vinylbenzyl) groups at the other 
end were used to prepare stable latexes by emulsifier-free emulsion copolymer- 
ization with styrene [ 94 ]. The maximum rate of emulsion polymerization was 
observed at low conversions. The high reactivity of the macromonomer in the 
low conversion range results from the organized association of the macromon- 
omers and graft copolymer molecules (the increase of the local concentration of 
macromonomer at the reaction loci) and the high monomer concentration. For 
example, the octadecyl- (£0)35- VB macromonomer was found to aggregate by 
itself to micelle in water. This is the reason why a rapid homopolymerization was 
observed. At conversions above 50 %, the reactivity of macromonomer in the 
(co)polymer particles decreased and was lower than in solution. This may be as- 
cribed to a low monomer concentration (styrene is almost consumed) and a low 
radical capture efficiency of polymer particles due to the formation of hy- 
drophilic oligomer radicals in continuous phase. The oligomer radicals are too 
water soluble to enter the hydrophobic polymer particles. 

The values of relative reactivity of macromonomers (l/r2) in both solution 
and emulsion were found to decrease slightly with conversion. The r2 values in 
solution are lower than those for the copolymerization of low-molecular- weight 
monomers and macromonomers in emulsion. These results support the previ- 
ous conclusion [ 95 ] about the incompatibility of macromonomer with a poly- 
mer trunk (polystyrene radical) which suppresses the mutual cross-propagation 
reactions of comonomers. 

The colloidal stability of polymer dispersion prepared by the emulsion copo- 
lymerization of R-(EO)n-MA was observed to increase with increasing EO 
number in the macromonomer [ 42 , 96 ]. Thus Ci2-(EO)9-MA did not produce 
stable polymer latexes, i.e., the coagulum was observed during polymerization. 
This monomer, however, was efficient in the emulsion copolymerization with 
BzMA (see below). The C 12- (EO)20"M A, however, appears to have the most suit- 
able hydrophilic-hydrophobic balance to make stable emulsions. The relative re- 
activity of macromonomer slightly decreases with increasing EO number in 
macromonomer. The most hydrophilic macromonomer with 00-methyl termi- 
nal, Ci-(EO) 39-MA, could not disperse the monomer so that the styrene droplets 
coexisted during polymerization. The maximum rate of polymerization was ob- 
served at low conversions and decreased with increasing conversion. The de- 
crease in the rate may be attributed to the decrease of monomer content in the 
particles (Table 2 ). In the Ci-(EO)39-MA/St system the macromonomer is solu- 
ble in water and styrene is located in the monomer droplets. Under such condi- 
tions the polymerization in St monomer droplets may contribute to the increase 
in r2 values. 

Latex particles covered by groups capable of forming hydrogen bonds weakly 
or moderately lose their association or interaction ability above a specific tem- 
perature or a specific electrolyte concentration but recover it reversibly with de- 
creasing temperature. Some EO compounds are typical examples for such 
groups and their specific properties were studied by Hoshino et al. [ 97 ]. PEO- 
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Table 2. Dependence of the reactivity ratio r 2 and the rate of polymerization in the disper- 
sion copolymerization of PEO-MA macromonomer and styrene (M 2 ) with the monomer 
feed composition^ 



Macromonomer 

type 


Conv. 

(%) 


V 


[M2]/[M 


,] d[M2]/d[MJ f2 


^ 2 , sol 


^12 


-(E0)9-MA 


20 


4.0 


93 


39 


0.42 


0.79‘^ 


15 


2.5 


48 


14 


0.3 








13 


2.1 


32 


5 


0.15 




^12 


-(EO)2o-MA 


5 


2.5 


329 


142 


0.43 


0.82^ 


5 


2.5 


241 


110 


0.46 








10 


2.5 


204 


82 


0.4 




Cl- 


0 

k 

> 


6 


15 


501 


332 


0.66 


1.02^ 




9 


30 


330 


249 


0.75 





® In water (200 ml), 1 mol% AVA, 2 g monomers, 60 °C 

^ % Conv. h"^ 

In benzene 
^ In THF 

type emulsifiers (PEO-type macromonomers) have their characteristic cloud 
points dependent on the hydrophile-lipophile balance (HLB) or on the length of 
PEO chain. Copolymerization of PEO macromonomers with short EO chains (S- 
PEO) generally resulted in formation of large and uneven shaped particles. On 
the other hand, PEO macromonomers with the long PEO chains (L-PEO) served 
to form small, smooth, and spherical copolymer particles. These results were at- 
tributed to the different timing of polymerization between hydrophobic and hy- 
drophilic monomers and to the different mode of phase separation of PEO-rich 
polymer with St-rich polymer in each particle. In the St/PEO-St systems, PEO- 
rich domains dispersed in the PSt matrix are responsible for the irregular shape 
of particles. On the contrary, L-PEO-rich polymers, which are more hydrophilic 
and more flexible, diffuse to the surface of particles during phase separation, 
forming a surface or a particle shell. The shape of particles was also affected by 
the monomer feed composition, f^ (Table 3). It was reported that a decrease in 
f^ made phase separated domains larger and particles less regular. 

Electron micrographs of dry particles indicated that the copolymerization of 
St with L-PEO monomer formed smaller particles but hydrodynamic measure- 
ments showed an inverse effect of PEO chain length on the particle size. The in- 
crease in hydrodynamic size of L-PEO containing particles cannot be attributed 
to any aggregation because such particles are more stable than S-PEO contain- 
ing particles. The ratio of PEO chains in the interior or on the surface of particles 
and in the feed shows that more hydrophilic L-PEO monomers are apt to remain 
preferentially in the aqueous medium. Therefore, the apparent surface density 
of PEO decreased with increasing PEO chain length. A smaller amount of L-PEO 
monomer can stabilize a larger surface area to form a larger number of particles. 

A series of amphiphilic diblock macromonomers were successfully used as 
steric stabilizers in the emulsion polymerization styrene [98]. Copolymeriza- 
tion led to the formation of polymer latexes of high colloidal stability. These 
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Table 3. Dependence of the reactivity ratio V 2 and the rate of polymerization in the disper- 
sion copolymerization of Ci 2 -(EO) 9 -MA macromonomer and BzMA (M 2 ) with the mono- 
mer feed composition (fw=[M 2 l/[Mj)^ 


Initiator (mol%) Conv, (%) 


[M2]/[MJ 


d[M2]/d[M, 


] <-2 


KPS 


10 


20 


48.1 


65.7 


1.37 


(0.3) 


11 


19 


19.1 


26.8 


1.4 




30 


45 


13.3 


18.2 


1.37 




8 


24 


9.1 


13.5 


1,48 


AVA 


25 


12,5 


94,7 


12.4 


1,31 


(1.0) 


20 


10,0 


31,2 


44.5 


1,43 




15 


10.0 


18.4 


25.3 


1.38 




25 


12.2 


13.5 


18.2 


1.38 


AIBN 


9 


18.0 


92.9 


12.4 


1.34 


(1.0) 


20 


40,0 


32,0 


44.5 


1.39 


AIBN*' 


8 


4.0 


98.8 


40.7 


0.41 


(1.0) 


5 


2.5 


49,9 


19.0 


0,38 




5 


2.5 


31.1 


13.1 


0.42 



^ In water (200 ml), 2 g monomers, 60 °C 
^ % Conv. h"^ 

^ In heptane (40 ml), 4 g monomers, 60 °C 



macromonomers are low-molecular-weight poly(ethylene oxide-fc-propylene 
oxide) diblock copolymers of variable hydrophobic block sizes. Their varied 
between 2000 and 6000. The polymerizable functionality, a vinylbenzyl group, is 
located at the end of the hydrophobic block. Use of these as steric stabilizers for 
the emulsion polymerization of styrene in conjunction with a water-soluble in- 
itiator led to the formation of nonionic colloidal dispersions with good stability 
towards added electrolyte, even after the latexes had been cleaned with 30% eth- 
anol by serum replacement or centrifugation. The diblocks show increased sur- 
face activity (lower surface tensions) as the size of the PPO block increases. The 
particle diameter decreased as the amount of macromonomer used is increased. 
The presence of a polymerizable group on the stabilizer greatly improves its cov- 
alent grafting to the polymer particles. The surface of polymer particles also 
contains the adsorbed stabilizer. When the charge-bearing initiators, such as po- 
tassium peroxodisulfate, were used, the colloidal stability of the latexes toward 
added electrolyte was low. 

Sutton and Oenick [99] have used PEO-MA macromonomers to prepare graft 
copolymers and polymer latexes with various functional surface groups. The 
water insoluble polymers are prepared from oleophilic monomers, monomers 
bearing groups reactive with free amine or sulfhydryl groups in biological sys- 
tems ^0.5 mol% of sulfhydryl groups, and monomers having 0.1-20 mol% of 
PEO chains. For example, the emulsion terpolymerization of conomomer mix- 
ture 85:10:5 styrene:m- or p-(chloromethyl) styrene:PEO-MA produced the pol- 
ymer latex having average particle size 0.25 pm. 
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5.3 

Copolymerization of PEO Macromonomers with Other Comonomers 

The Ci 2 -(EO) 9 -MA macromonomer was found to be a very effective emulsifier 
for BzM A in water even at a concentration less than 5 wt%, to give a stable milky 
emulsion [42, 96]. Table 3 shows that the rate of polymerization depends on the 
initiator type and polarity of continuous phase. In water solution, the rates are 
several times higher than in heptane. The rate of polymerization increases with 
increasing macromonomer concentration in systems with KPS and AIBN, and it 
is constant with AVA. The higher the macromonomer concentration, the higher 
the particle concentration and rate of polymerization. These results indicate that 
distribution of the initiator between the phases influences in complex way the 
polymerization and nucleation mechanism. 

The parameter r 2 is independent of the initiator type for the emulsion, how- 
ever, and is slightly higher than that obtained in benzene (r2=1.23) (Table 3). 
This behavior results from good compatibility of the macromonomer with poly- 
BzMA. Therefore the reactivity of the macromonomer does not depend so much 
on the reaction medium type. In contrast, reversed “apparent” reactivity was ob- 
served in heptane in which the clear solution of monomer turned into a polymer 
suspension upon polymerization. Since BzMA is soluble in the medium, it has 
been suggested that the polymerization occurs preferentially on the (inverse) 
micelle surface which is enriched by the macromonomers. 

The emulsion copolymerization of BA with PEO-MA (M^=2000) macromon- 
omer was reported to be faster than the copolymerization of BA and MMA, pro- 
ceeding under the same reaction conditions at 40 '"C [lOOj. Polymerizations 
were initiated by a redox pair consisting of 1 -ascorbic acid and hydrogen perox- 
ide in the presence of a nonionic surfactant (p-nonyl phenol ethoxylate with 
20 moles ethylene oxide). In the macromonomer system, the constant-rate inter- 
val 2 [9, 10] was long (20-70% conversion). On the other hand, the interval 2 did 
not appear in the BA/MMA copolymerization and the maximum rate was lower 
by ca. 8% conversion min"^ and it was located at low conversions. 

The rate of polymerization was found to be independent of emulsifier concen- 
tration around CMC (1.8x10"^ mol dm”^) and up to ca. 10“^ mol dm"^ and then 
strongly increased with increasing emulsifier concentration (Fig. 5). It can be 
seen that, for this system, the break in the dependence of the rate on surfactant 
concentration does not coincide with the CMC of either the surfactant or the 
surfactant/PEO-MA macromonomer. In fact, these two values are identical at 
room temperature; at 50 °C the CMC of the surfactant is lower than at 20 °C. The 
kinetics of particle nucleation for the present nonionic polymerization of BA 
may not follow a micellar mechanism. 

The emulsifier-free emulsion terpolymerization of PEO-MA macromonomer, 
BA, and acrylic acid ( AA) led to the formation of graft copolymers and stable la- 
texes [101]. At the beginning of terpolymerization, the PEO-MA macromono- 
mer polymerized more quickly than BA or AA. Conversion of the macromono- 
mer increased with increasing initiator concentration and with decreasing mo- 
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Fig. 5. Dependence of the rate of polymerization [Rp/%Conv,/min)] in the free- radical 
emulsion polymerization of butyl acrylate in the presence of PEO-MA macromonomer on 
emulsifier (E, p-nonyl phenol ethoxylate) concentration [100], Temp, 50 °C 




lecular weight of the macromonomer or the ratio of macromonomer to mono- 
mer in the monomer feed. The IR spectrum of the purified terpolymer showed 
the presence of H bonds between PEO-MA chains and AA units, while that of the 
ionomer indicated the disappearance of H bonds and the appearance of carbox- 
ylate groups. The average number of macromonomer chains per molecule var- 
ied from 6 to 16. The terpolymer could emulsify the CgHg in water and showed 
high water absorbancy. The terpolymers exhibited crystallinity which dimin- 
ished with increasing AA content. Tensile strength of the terpolymers increased 
more noticeably with AA content than with macromonomer content. The me- 
chanical strength of a terpolymer was raised markedly when converted to a me- 
tallic salt. The tensile strength of an ionomer containing Na'*' or K'*' was much 
lower in comparison with an ionomer containing divalent cations because of the 
stronger complex between PEO-MA and univalent cations. 

Ferguson et al. [52] compared the behavior of a range of conventional alkyl 
ethoxylate surfactants in emulsion polymerizations with their acrylated ana- 
logues. This has allowed a direct comparison of identical surfactant structures, 
one of which remains kinetically mobile in the resultant lattices, while the other 
becomes chemically bound to the latex particles. The surfactants chosen for this 
study were Ci2_i4-(EO)3o with Ci2_i4-(EO)3o-A and Ci2_i4-(EO)i2 with C12-14- 
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(EO)i 2"A as examples at the extremes of the HLB range available. In all cases 
both groups of surfactants emulsified the monomers styrene, MM A, and vinyl 
acetate ( VAc). There was no difference between the conventional surfactants and 
their polymerization analogues with styrene. In the case of the MMA and VAc 
systems, the polymerizable surfactants yield much less stable emulsions than 
their non-polymerizable analogues. 

The low HLB surfactants Ci2-i4"(EO)i2 and Ci2_i4-(EO)i2-A with styrene be- 
haved as with MMA and VAc, although the high HLB species Ci2_i4-(EO)3o and 
Ci2_i4-(EO)3o-A yielded very stable emulsions. Both conventional and polymer- 
izable alkyl ethoxylates are more effective in stabilizing polystyrene particles 
than PMMA and PVAc particles. This appears to be related to a greater hydro- 
phobicity of polystyrene, which may simply offer more effective interaction with 
the hydrophobe of the surfactant. In turn, this may well allow tighter packing at 
the particle surface and hence increased particle stability. The alkyl ethoxylates 
with the longer ethoxylate chains (i.e.,the higher HLB species) are also more ef- 
fective. This was discussed in terms of two factors. The first is simply the level of 
water solubility. The overall level of water solubility imparted to the whole sur- 
factant by the head group must be sufficiently high for stabilization effects to be 
realized. Clearly, alkyl ethoxylates with longer ethoxylate chains are more water 
soluble. The second factor concerns the specific mechanism by which alkyl 
ethoxylates impart stabilization, i.e., the steric stabilization is involved. 

It is clear that the polymerizable species are significantly less effective as latex 
stabilizers than their simple analogues. The polymerizable acrylate group is lo- 
cated at the hydrophilic end of the amphiphile and so its incorporation into mac- 
romolecules at the surface of particles would require the hydrophilic EO chain 
to loop back on itself to allow the hydrophobic alkyl chain also to be adsorbed 
on the particle surface. Even if this is achievable, the level of stabilization gener- 
ated from such short hydrophilic loops is likely to be low. The second possible 
factor explaining the poorer performance of the polymerizable surfactant is the 
question of the locus of polymerization. The polymerizable acrylic group bound 
to the hydrophilic PEO chain is located in the particle surface or projects to the 
aqueous phase. Its participation in growth events may initiate the formation of 
long polymer chains attached to particle and inter-particle bound association. 
This may lead to the colloidal destabilization of polymer dispersion. The use of 
hydrophilic polymerizable PEO monoacrylates (hydrophilic acrylic group 
bound to PEO chain) as emulsion stabilizers clearly maximizes the chances of 
the hydrophilic chains being located at the surface of the particles, but also offers 
the prospect of wastage to polymerization in the aqueous phase. 

Larpent and Tandros [ 102 ] prepared microlatex particles by polymerization 
of PEO-MA macromonomer with MMA, styrene, and vinyl acetate. The nonion- 
ic latexes are very stable, giving no flocculation up to 6 mol dm~^ NaCl or CaCl2 
and a critical flocculation concentration (CFG) of 0.6 mol dm"^ for Na2S04 or 
MgS04 was estimated. Charged latexes are less stable than the nonionic ones. 
The CFG of all latexes are determined as a function of electrolyte concentration. 
With the nonionic latexes, however, the critical flocculation temperature (CFT) 
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is higher than the 6-temperature for PEO at a given electrolyte concentration, 
indicating enhanced steric stabilization as a result of the dense packing of the 
chains and hence an elastic contribution to the steric interaction. This is not the 
case with the charged latex, which shows CFT values lower than the 6-tempera- 
ture. The charged lattices containing methoxy PEO-MA units are less stable to- 
wards the electrolyte. 

6 

Polymerization of PEO Macromonomers in Other Disperse Systems 

The formation of micron-sized polymer particles can be achieved by the suspen- 
sion polymerization of PEO macromonomers [103-106]. The latexes are steri- 
cally stabilized by methoxy poly(ethylene oxide) methacrylate (PEO-MA) moie- 
ties, which are covalently grafted on the surface of the particle. For large parti- 
cles (D=500-900 nm) that have relatively strong van der Waals attractions, the 
short PEO chains do not provide enough steric stability. In these cases, addition- 
al charge must be introduced, for example, by using a charged initiator. The van 
der Waals attraction was then overcome by a weak steric repulsion from the PEO 
and a stronger electrostatic repulsion. Thus the polymer particles carried both 
peroxodisulfate as well as methoxy PEO-MA residual groups. 

The macroporous hydrogels were prepared by inverse suspension polymeri- 
zation (IPS) of PEO-MA (penta and deca EO) macromonomers [107]. The hy- 
drophilic monomers, PEO-MA macromonomer, and N,N-methylenebisacryla- 
mide (MBA, a crosslinking agent) were copolymerized in the presence of stabi- 
lizers, KPS, water, and cyclohexane as the oil phase. The authors have tried to 
find the best conditions for stabilization of water/PEO macromonomer droplets 
in cyclohexane using nonionic stabilizers having an HLB between 4 and 10. A 
sorbitan monooleate (Span 80, HLB=4.3) and ABA-block copolymer (ABA), 
from poly(hydroxystearic acid) and PEO (HLB=7-9) were chosen. The efficien- 
cy of the block copolymer appears to be much higher. With Span 80 a good sta- 
bilization is only obtained at a relatively high concentration (at 0.1 wt% related 
to the oil phase) and with ABA already at low concentration (at 0.005 wt%). The 
bead formation and the dependence of their sizes on concentration of stabilizer 
follow well the classical behavior [108]. With increasing stabilizer concentration, 
the bead size decreases and the size distribution becomes narrower. With fur- 
ther increase in the amount of stabilizer, the bead size remains almost un- 
changed. It was reported that a certain critical concentration of a crosslinker 
(MBA, ca. 2 mol% with respect to macromonomer) is necessary to get beads. 
Under such conditions, beads are formed from the beginning of polymerization. 

It has been suggested that the mechanism of bead formation occurring in the 
PEO macromonomer system is quite different from the mechanism proposed by 
Dimonie et al. [109] for ISP of acrylamide. According to these authors, phase in- 
version occurs after the start of the reaction. At high conversions, the gel breaks 
under stirring into small particles which remain as such until the end of polym- 
erization. With PEO macromonomers, beads are present from the beginning up 
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to the end of the reaction and there is no evidence of phase separation. The par- 
ticular mechanism demonstrated with acrylamide was related to specific solu- 
bility properties of the system acrylamide/polyacrylamide/water/cyclohexane. 

The micron-sized polymer particles were also prepared by inverse emulsion 
polymerization and copolymerization of PEO-MA or PEO-A macromonomers 
with various comonomers (alkyl acrylates and methacrylates) and initiated by 
both oil- and water-soluble initiators [1 10]. Various graft copolymers containing 
ca. 35-95% of comonomers of molecular weigh 1000-500,000 were prepared. 
The graft copolymers were suggested as stabilizers of polymer dispersion. The 
efficient graft copolymer (stabilizer) prepared by AIBN initiated solution po- 
lymerization containing 30 parts PEO-MA and 70 parts dodecyl acrylate was 
used in inverse polymerization of sodium acrylate and, acrylic acid in cyclohex- 
ane initiated by KPS. Under such conditions, polymer dispersion with very large 
particle size around 300 pm was prepared. 

The preparation of core/shell particles by seed emulsion polymerization was 
described by Maste et al. [111]. The surface of seed polystyrene particles was 
modified during polymerization of PEO-MA macromonomer. The polymeriza- 
tion was initiated by KPS at 85 °C. The moment of addition of PEO-MA macrom- 
onomer to the polymerization mixture (polystyrene particles) was crucial for 
the success of copolymerization. These groups are mainly located at the surface 
when macromonomer is added in the final stage of polymerization. The latexes 
are composed of relatively large surface charged particles with methoxy PEO 
groups (containing eight segments of EO, D=480 nm) on the surface. The sur- 
face properties of this latex are compared with those of a similar latex but with- 
out the PEO surface group. The aggregates formed by coagulation of latex (with 
PEO) are transient and back-dissociation into single particles occurs. This is not 
the case with the PEO-free latex. From the complex formation of PEO with mo- 
lybdatophosphoric acid and proton NMR results, it follows that the average sur- 
face coverage of PEO chain is roughly one molecule per square nanometer. 

Electrostatic, steric, and the combination of electrostatic and steric mecha- 
nisms were investigated by polymerizing a charged styrene saturated polysty- 
rene latex in the absence and the presence of PEO-MA macromonomer [112, 
113]. Kinetically, the polymerization under these conditions started at the same 
rate as in the absence of the macromonomer but proceeded more slowly. The ex- 
periments described here indicate that the addition of PEO-MA macromonomer 
to an emulsion polymerization reaction initiated by sulfate free-radicals leads to 
the formation of electrosterically stabilized PSt particles. The reaction depends 
on the time at which PEO-MA is added. Additions at the beginning of the polym- 
erization and in the early stages gave a bimodal particle size distribution where- 
as additions near the end of the reaction can lead to dispersions with a narrow 
distribution of particle sizes. For example, the addition of PEO-MA at the begin- 
ning of polymerization gave the latex with the dominant population of particles 
with a diameter of 456 nm, which is considerably larger than the particle size 
formed in the absence of PEO-MA, i.e., 219 nm. In addition, there was a popula- 
tion of smaller particles present with a broad distribution and a mean diameter 
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of 206 nm. In fact these were not detected when additions were made after 90% 
conversion. 

Ito's group [83] reported the micellar polymerization mechanism was opera- 
tive during the radical polymerization of PEO macromonomers in cyclohexane 
and water under similar reaction conditions. The reaction medium has an im- 
portant effect on the polymerization behavior of macromonomers. Cyclohexane 
was chosen as a nonpolar type of solvent. The polymerization was found to be 
independent of the lengths of |3-alkyl group (R) and the PEO chain in benzene. 
On the other hand, the rate of polymerization in cyclohexane increased with in- 
creasing number of EO units. This may be attributed to the formation of aggre- 
gates (micelles) and/or compartmentalization of reaction loci, i.e., polymeriza- 
tion in distinct aggregates (polymer particles). The Ci 2 -(EO)i 4 -MA macromon- 
omer polymerized faster in bulk than in benzene but far slower than in water. 

The PEO-MA macromonomer is more reactive than the PEO-VB one. Alkyl 
groups and PEO chain lengths were found to be significant in cyclohexane but 
the reverse is true in water. The enhanced rate in cyclohexane was ascribed to 
the inverse micelle formation, since longer PEO chain or alkyl group will favor 
the aggregation of amphiphilic macromonomer or its polymer (the inverse mi- 
celles). The micelle formation in cyclohexane was not detected by laser light 
scattering measurements. This was ascribed to the formation of somewhat 
loosely organized inverse micelles which, however, were able to increase the po- 
lymerization rate to a rather significant extent. However, the association is sup- 
posed to be more pronounced after the start of polymerization and generation 
of oligomeric or polymeric chains. The agglomeration of amphiphilic polymer 
chains into polymer particles or micelles accelerate the growth events and, 
therefore, a higher polymerization rate is observed. 



7 

Conclusion 

The results indicate that amphiphilic PEO macromonomer can act as surfactant, 
co-surfactant, or monomer. Amphiphilic macromonomers or their graft copol- 
ymers present all the typical properties of conventional nonionic surfactants, 
such as micelle formation, interface tension reduction, and solubilities in both 
the monomer and polar (water) continuous phase. Water solubility changes ac- 
cording to the hydrophobic content of nonionic emulsifiers. In essence, the HLB 
value is a direct function of EO content. Higher HLB are therefore indicative of 
higher water solubility. The PEO macromonomers, under certain conditions, 
deviate from the current theory of intermolecular interactions of PEO chains. 
This may be attributed to the intermolecular interactions of PEO chains. Poly- 
meric surfactants assemble into interchain micelles and can also form mixed ag- 
gregates incorporating free, monomeric surfactants. At low temperatures, small 
spherical micelles are formed which aggregate to random clusters with increas- 
ing macromonomer concentration and temperature. 
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The ability of (macro)monomers to get involved in a copolymerization is con- 
trolled by the reactivity ratios of the comonomers. The copolymerization pa- 
rameters, the difference in the molecular weight between the macromonomer 
and a low-molecular weight comonomer, and the type of reaction media govern 
the polymerization behavior and the physical properties of graft copolymers 
given by the distribution of the grafts along the main chain. In most cases the 
reactivity of macromonomer is inversely proportional to its molecular weight. 
The polymerization behavior may be attributed to at least three factors - influ- 
ence of the terminal unsaturated group, influence of the substrate associated 
with the unsaturated group, and influence of the macromonomer length. The re- 
activity of the macromonomer functional group mostly follows the reactivity of 
the low molecular weight monomers carrying the same functional groups. The 
substrate may promote the agglomeration of surfactant molecules and/or steric 
factor during chain growth or termination. Different explanations have been put 
forward to account for the effect of chain length - the reaction growing radical- 
macromonomer is believed to be diffusion controlled, limitation of the reactive 
site accessibility is due to the excluded volume effect, and thermodynamic re- 
pulsion occurs between growing chains and grafts which are chemically unlike. 

When the macromonomer is an amphiphilic polymer, its polymerization in 
the polar media is unusually rapid as a result of its organization into micelles. 
Under such conditions, the unsaturated groups are concentrated in the micelle; 
they mostly form the hydrophobic core of aggregates (micelles). During the po- 
lymerization, the non-polymerizing micelles and/or the monomer saturated 
continuous phase act as a monomer reservoir. 

The rate of dispersion (co)polymerization of PEO macromonomers passes 
through a maximum at a certain conversion. No constant rate interval was ob- 
served and it was attributed to the decreasing monomer concentration. At the 
beginning of polymerization, the abrupt increase in the rate was attributed to a 
certain compartmentalization of reaction loci, the diffusion controlled termina- 
tion, gel effect, and pseudo-bulk kinetics. A dispersion copolymerization of PEO 
macromonomers in polar media is used to prepare monodisperse polymer par- 
ticles in micron and submicron range as a result of the very short nucleation pe- 
riod, the high nucleation activity of macromonomer or its graft copolymer 
formed, and the location of surface active group of stabilizer at the particle sur- 
face (chemically bound at the particle surface). Under such conditions a small 
amount of stabilizer promotes the formation of stable and monodisperse poly- 
mer particles. 

Exponents 0.6-0.8 obtained for the dependence of the rate of dispersion 
(co)polymerization or molecular weight on initiator concentration were dis- 
cussed in terms of depressed termination (the first-order radical loss process) 
and variation of the surface activity of the formed graft copolymer with its mo- 
lecular weight. The higher the surface activity of graft copolymer (or lower its 
molecular weight) the higher the particle number. 

In the emulsifier free-emulsion polymerization the reaction loci are formed 
by nucleation of amphiphilic macromomer micelles (micellar mechanism) or by 
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precipitation of growing radicals from the continuous phase (homogeneous nu- 
cleation). The micellar mechanism is operative for the emulsion homopolymer- 
ization of amphiphilic macromonomers. By taking into account the large 
number of micelles, there is a high probability that oligomer radicals are cap- 
tured by micelles before they precipitate from the aqueous phase. In the case of 
the strongly organized micelles of amphiphilic macromonomers, a high rate of 
polymerization and large molecular weight polymers are observed. By organi- 
zation of macromonomers into micelles, unsaturated groups are locally concen- 
trated and oriented. The higher polymerization rates were attributed to the low- 
er rate of termination and/or the compartmentalization of reaction loci. A rapid 
polymerization does not appear in micelles with loosely organized unsaturated 
groups of macromonomers. The copolymerization of hydrophilic PEO macrom- 
onomers (with low or no association) with hydrophobic low-molecular weight 
comonomer is controlled by homogeneous nucleation. In this case, the primary 
particles are formed by precipitation of growing radicals from aqueous phase. 
The graft copolymer molecules associate with each other to form organized 
structures (micelle, particles) and, beyond the nucleation period, the oligomeric 
radicals are efficiently adsorbed by existing premature particles. Reactive emul- 
sifiers formed are chemically bound to the surface of the polymer particles. This 
strongly reduces the critical amount of surface active groups necessary for the 
production of a stable particle, desorption of emulsifier from the polymer par- 
ticles, formation of distinct emulsifier domains during the film formation, and 
water sensitivity of the latex film. 

The square-root dependence of the rate of polymerization on the initiator 
concentration and the first-order dependence on the macromonomer concen- 
tration strongly deviate from the micellar model. The linear dependence of Rp 
on the macromonomer concentration was attributed to the linear dependence of 
the number of micelles on the macromonomer concentration. The deviation re- 
sults from the fact that the macromonomer acts as monomer and emulsifier 
and/or surface active component is formed during polymerization, i.e., it takes 
part in the growth and nucleation events. The increase in the reaction order 
above 0.4 was also discussed in terms of the variation of the surface activity of 
graft copolymer with its molecular weight. 
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1 

Introduction 

1.1 

Our Mission 

The past two decades have produced a number of new additions to the chemist's 
vernacular, and the term “conducting polymer” has proven to be one of the most 
visible. Literally thousands (tens of thousands?) of articles have been published 
concerning the synthesis and properties of these novel materials, along with 
many stemming from an applications arena. But what are these plastics that pos- 
sess the ability to carry electrical conductivity, and how are they synthesized? 
This article is written with the aim of answering this question. In concept, we 
have utilized the tutorial approach hoping to provide an introduction to the field 
intended for the undergraduate student and the experieced chemist alike. Be- 
cause of the large amount of work dedicated to this aspect of the field, many con- 
jugated polymers are commonly referred to as “conducting polymers”. While 
the main focus of this review concentrates on synthetic avenues leading to Jt- 
conjugated polymers (CPs), the presentation of some of the “nuts and bolts” 
(while dispensing with the esoteric jargon) will help bring even the uninitiated 
novice up to speed. So, on this note, we begin. 

1.2 

Why Conjugated Polymers? 

To put it mildly, a significant research effort has been dedicated recently to the 
synthesis of fully conjugated organic polymers [1]. Custom-tailored synthetic 
methodologies have been developed for the preparation of these historically dif- 
ficult to synthesize materials. Unique synthetic conditions have been employed 
to obtain materials with high molecular weight, specifically controlled macro- 
molecular architectures, high levels of purity, and useful processability. The mo- 
tivation for this research effort lies in the novel properties and potential applica- 
tions demonstrated by these polymers. The neutral polymers can behave as 
semi-conductors, exhibiting optoelectronic properties analogous to their typi- 
cal inorganic counterparts (e.g. silicon, GaAs, etc.). These properties are easily 
varied and controlled by the main chain polymer structure. Redox chemistry, 
commonly called oxidative or reductive doping, allows conversion of the neutral 
conjugated polymers into their charged, or doped, forms. There is a concomi- 
tant increase in the electronic conductivity; in some cases reaching values com- 
parable to true metals. In addition, this redox doping process is reversible, al- 
lowing the polymers to be repeatedly switched between their neutral and charged 
states. This leads to the modification of many properties including conductivity, 
electromagnetic absorption, luminescence, paramagnetism, ion content and 
volume. 




60 



J.L. Reddinger, J,R, Reynolds 



1.3 

Applications of -Conjugated Polymers 

Numerous applications have been demonstrated and proposed for conjugated 
polymers. Some of the present and potential commercial applications of these 
systems are listed below [2]. 

- Storage batteries/supercapacitors/electrolytic capacitors/fuel cells 

- Sensors 

- Biosensors 

- Chemical Sensors 

- Ion-specific membranes 

- Ion supply/exchange devices 

- Drug and biomolecule release 

- Electrochromic displays 

- Electromagnetic shutters 

- Corrosion protection 

- Transparent conductors 

- Mechanical actuators 

- Artificial muscles 

- Gas separation membranes 

- Conductive Thermoplastics 

- Microwave weldable plastics 

- EMI shielding 

- Aerospace applications 

- Lightning strike protection 

- Microwave absorption/transmission 

- Conductive textiles 

- Anti-static films and fibers 

- Photocopy machines 

- Conductor/insulator shields 

- Neutron detection 

- Photoconductive switching 

- Conductive adhesives and inks 

- Electronics 

- Conductor feedthroughs 

- Non-linear optics 

- Electroluminescence 

- Electronic devices 

This list can be divided into three main classes based mainly on function and 
redox state. First, applications that utilize the conjugated polymer in its neutral 
state are often based around their semi-conducting properties, as in electronic 
devices such as field effect transistors or as the active materials in electrolumi- 
nescent devices. Secondly, the conducting forms of the polymers can be used for 
electron transport, electrostatic charge dissipation, and as EMI-shielding mate- 
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rials. These first two types of applications can be viewed as “static” applications 
(as the polymers do not change their electronic state during use). The final area 
of applications is based around those that use the ability of the polymers to re- 
dox switch between charged states. These include their use as battery electrode 
materials, electrochromic materials, and in ion release devices and biosensors. 

1.4 

Focusing on Synthesis 

Convenient and reproducible syntheses are required before materials can be de- 
veloped for a particular application. In recent times an extensive worldwide re- 
search effort has been specifically directed towards synthetic aspects and is the 
focus of this chapter. It is the goal of this work to bring together, in one body, the 
many synthetic methodologies that have been used for the synthesis of conjugat- 
ed polymers. It is well known that synthetic polymers are structurally compli- 
cated in aspects of molecular weight, polydispersity, branching, cross-linking, 
and structural defects along the main chain. Important properties can be highly 
affected by the presence of various structural irregularities, making the intrica- 
cies of the synthetic preparation employed crucial to understanding the funda- 
mental physics of the system and their usefulness for any application. In addi- 
tion, comparisons of a polymer between laboratories are often made with little 
understanding of the full ramifications of structure on the resulting properties. 

This chapter is divided into ten sections with distinctions based on the parent 
for each family of polymers. Within each section many derivatives are presented 
with each example representing a specific and unique polymer or material in its 
own right. We hope this organization allows the reader to quickly determine the 
synthetic method of choice. 

1.5 

Other Literature 

Numerous reviews have been published on various aspects of the synthesis, 
properties and applications of conjugated polymers [1]. For these reasons we 
have chosen to focus our review of synthetic developments on research from the 
1990s (although many older examples will be included to give a more complete 
picture). The earlier reviews nicely address previous developments of the field, 
and we hope that this chapter will bring the reader up to the state of the art in 
the field. Due to the large amount of work published in the field, it is impossible 
to reference each and every article. The availability of referenced material to the 
general reader was considered during the preparation of this manuscript. Ac- 
cordingly, we have chosen not to cite material from the patent literature, as we 
are well aware of the frustration caused by elusive key references. In a field such 
as this, where rapid development has continued for a number of years, it is dif- 
ficult to ensure that each contribution is noted. We apologize in advance for any 
omissions. 
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2 

The Conducting Polymer 
2.1 

The Extended -System 

In the late 1970s Heeger and MacDiarmid found that polyacetylene [(CH)^^] pro- 
duced by Shirikawa’s method exhibited a 12 order of magnitude increase in elec- 
trical conductivity when exposed to oxidizing agents. Since that discovery, a vast 
array of other CPs have been synthesized. The most common of these, in addi- 
tion to polyacetylene, are shown below in Scheme 1. 

Apart from polyaniline (which will be discussed in detail later), all of these 
systems share one common structural feature, namely a rigid nature brought 
about by the sp^ carbon-based backbone. The utilization of the conjugated con- 
struction affords polymer chains possessing extended Jt-systems, and it is this 
feature alone that separates CPs from their other polymeric counterparts. Using 
this generic, lowest energy (fully bonding) molecular orbital (MO) representa- 
tion as shown by the Jt-system model, the picture of primary concern that is gen- 
erated by these networks consists of a number of Jt and levels (Fig. 1). How- 
ever, unlike the discreet orbitals that are associated with conjugated organic 




Polyacetylene Polythiophene Polypyrrole 




Polyaniline Poly(p-pheny)ene) 



Scheme 1 





Fig.1 . The Jt-system model 
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molecules, the energy of the polymers' MOs are so close in energy that they are 
indistinguishable. In fact, for long chains orbital separation is so small that band 
formation occurs as illustrated by the MO diagram (Fig. 2). 

The electrical properties of any material are a result of the material's electron- 
ic structure. The presumption that CPs form bands through extensive molecular 
obital overlap leads to the assumption that their electronic properties can be ex- 
plained by band theory. With such an approach, the bands and their electronic 
population are the chief determinants of whether or not a material is conductive. 
Here, materials are classified as one of three types shown in Scheme 2, being 
metals, semiconductors, or insulators. Metals are materials that possess partial- 
ly-filled bands, and this characteristic is the key factor leading to the conductive 
nature of this class of materials. Semiconductors, on the other hand, have filled 
(valence bands) and unfilled (conduction bands) bands that are separated by a 
range of forbidden energies (known as the “band gap”). The conduction band 
can be populated, at the expense of the valence band, by exciting electrons (ther- 
mally and/or photochemically) across this band gap. Insulators possess a band 
structure similar to semiconductors except here the band gap is much larger and 
inaccessible under the environmental conditions employed. 

At first glance one might necessarily expect that the Jt electrons of polyacetylene 
would produce a half-filled band and result in the polymer being metallic in na- 
ture. However, the one-dimensional nature of the polyacetylene chain leaves it 
susceptible to an instability that forces the polymer to retain its strict, alternating 
series of long and short bonds. This instability, analogous to a^Peierl’s distortion”, 
is very common among molecular solids and is the result of the coupling of elec- 
trons with phonons (lattice vibrations) [3]. Given the relatively soft nature of the 
lattice in such low dimensional solids, the total energy of the system can be de- 
creased through a doubling of the unit cell, concomitantly opening a gap in the 
conduction band at the Brillouin zone boundary. In fact, structural studies of 
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Fig. 2. Molecular orbital (MO) diagram 
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polyacetylene have shown the polymer to possess a localized backbone consisting 
of alternating long and short bonds [4]. This is in stark contrast to aromatic mol- 
ecules, such as benzene, where the bonds are completely delocalized. 

It is the Peierl's instability that is believed to be responsible for the fact that most 
CPs in their neutral state are insulators or, at best, weak semiconductors. Hence, 
there is enough of an energy separation between the conduction and valence 
bands that thermal energy alone is insufficient to excite electrons across the band 
gap. To explain the conductive properties of these polymers, several concepts from 
band theory and solid state physics have been adopted. For electrical conductivity 
to occur, an electron must have a vacant place (a hole) to move to and occupy. 
When bands are completely filled or empty, conduction can not occur. Metals are 
highly conductive because they possess unfilled bands. Semiconductors possess 
an energy gap small enough that thermal excitation of electrons from the valence 
to the conduction bands is sufficient for conductivity; however, the band gap in in- 
sulators is too large for thermal excitation of an electron accross the band gap. 




Metal Semiconductor 



Insulator 



Scheme 2 
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2.2 

Doping and Electrical Conductivity 

So how does this 12 order of magnitude increase in electrical conductivity for 
polyacetylene occur? The diffuse nature of the extended Jt-system readily allows 
electron removal from, or injection, into the polymer. The term “doping” has 
been borrowed from semiconductor physics with “p-doping” and “n-doping” 
being used to describe polymer oxidation and reduction, respectively. Doping in 
regards to semiconductors is quite different as it is a very distinct process car- 
ried out at low levels (<1%) as compared to CP doping (usually 20-40%). How- 
ever, the manner by which doping transforms a neutral CP into a conductor re- 
mained a mystery for many years. 

EPR studies have shown that both the neutral and heavily doped CPs possess 
no net spin, interpreted as no unpaired electrons, while moderately doped ma- 
terials were discovered to be paramagnetic in nature. Conductivity experiments 
showed that it was the “spin-less”, heavily-doped form that is the most conduc- 
tive for a given CP. Such behavior marks an abrupt departure from simple band 
theory, which centers around spin-containing charge carriers. 

Polyacteylene turns out to be a special case when considering its neutral and 
doped forms. Comparison of the two neutral forms, shown in Scheme 3, reveals 
them to be structurally identical, and thus, their ground states are degenerate in 
energy. Two successive oxidations on one chain could yield radical cations that, 
upon radical coupling, become non-associated charges termed positive “solitons”. 

In contrast to polyacetylene, the other CPs shown in Scheme 1 have non-de- 
generate ground states (i.e. they do not possess two equivalent resonance 
forms), and thus, do not show evidence of soliton formation. In this instance, the 
oxidation of the CP is believed to result in the destabilization (raising of the en- 
ergy) of the orbital from which the electron is removed. This orbital's energy is 
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increased and can be found in the energy region of the band gap as shown in 
Scheme 4. Initially, if only one electron per level is removed a radical cation is 
formed and is known as a “polaron” (Scheme 4b). Further oxidation removes 
this unpaired electron yielding a dicationic species termed a “bipolaron” 
(Scheme 4c). High dopant concentrations create a bipolaron-“rich” material and 
eventually leads to band formation of bipolaron levels. Such a theoretical treat- 
ment, thereby, explains the appearance, and subsequent disappearance, of the 
EPR signal of a CP with increased doping as the neutral polymer transitions to 
the polaronic form and subsequently to the spinless bipolaronic state. 

Contrary to polyacetylene's independent charges, the bipolaron unit remains in- 
tact and the entire entity propagates along the polymer chain. Scheme 5 shows 
this behavior using polythiophene as an example. In the case of unsubstituted 
polythiophene, the bipolaronic unit is believed to be spread over six to eight 
rings. This “bipolaron length” is by no means an absolute number as different 
polymer backbone and substituent types yield various lengths. 

While this general model for charge carrier generation has developed over the 
years, it is not without conjecture. As one alternate possibility, the presence of 
diamagnetic Jt-dimers, resulting from the combination of cation radicals, has 
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Scheme 5 



been proposed [5-7]. Much of the basis for these theories comes from investiga- 
tions into the structural and electronic properties of small conjugated mole- 
cules. 

2.3 

Optical Properties 

Doping also brings about radical changes in a CP's optical properties. For in- 
stance, neutral polythiophene films are red in color, while doped poly thiophene 
is blue in color. A broad variety of color changes that can be structurally control- 
led have been observed for the CPs in changing between their respective redox 
states. These optical changes are a consequence of polaronic levels and bipolar- 
on bands residing in the band gap. While the neutral polymer only has its charc- 
teristic transition, several new transitions are possible to the orbitals in the 
bipolaronic state. The energies of these new transitions are necessarily lower 
and result in the polymer having red-shifted absorptions. While the altering of 
a CP’s optical properties can be readily accomplished via chemical means, elec- 
trochemical doping is attractive from an applications standpoint, and these 
polymers provide a new family of electro chromic materials. 

3 

Polymerization Methods 
3.1 

Introduction 

While there are many polymerization reactions utilized to produce a variety of 
Jt-conjugated polymers, four general C-C bond-forming schemes have afforded 
many of the polymers found in the literature and continue to be valuable routes. 
These four methodologies, namely electrochemical synthesis, Lewis acid-in- 
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duced polymerization, ring-opening metathesis and transition metal-catalyzed 
coupling polymerizations, will be discussed in this section with the aim of pre- 
senting their broad utility. 

3.2 

Electropolymerization 

Electrochemical synthesis utilizes the ability of a monomer to be self-coupled 
upon irreversible oxidation (anodic polymerization) or reduction (cathodic po- 
lymerization). While this method does not always produce materials with well- 
defined structures (as do the three other polymerization methods to be dis- 
cussed), electropolymerization, nonetheless, is a rather convenient alternative, 
avoiding the need for polymer isolation and purification. Of these two routes, 
anodic polymerization is the most widely explored as monomers such as pyrrole 
and thiophene are relatively electron-rich and prone to oxidation. For this rea- 
son the anodic route will be the focus of the remainder of this presentation. 

While it is well accepted that anodic electro synthesis of conducting polymers 
begins with monomer oxidation to form an ion-radical reactive intermediate, 
there remains significant conjecture as to the ensuing steps leading to oli- 
gomer/polymer formation. As shown in Scheme 6, chain growth of the oxidized 
species can occur via cation radical coupling (path A) or through electrophilic 
addition of the the oxidized monomer by an unaffected moiety. 

3.3 

Lewis Acid-Induced Polymerization 

Lewis acid-induced polymerization is also a relatively convenient means to ob- 
tain conducting polymers. As with anodic electropolymerizations, monomers 
are oxidized by an external source, but in this instance electron transfer occurs 
from the monomer or growing chain to the chemical oxidant. Of the various 
Lewis acids that are readily available, FeCl3 has become the most popular choice 
given its effectiveness and low cost. Scheme 7 shows a typical polymerization 
where the resulting polymer is obtained in its conducting state with FeC^' do- 
pant ions. 

This form of chemical polymerization can also produce materials possessing 
coupling defects that reduce performance owing to the lack of selectivity of the 
oxidant. (This problem will be discussed further in following sections.) Unlike 
electrochemical synthesis, though, polymers prepared via chemical oxidants 
must be isolated and dedoped, which is typically effected using reducing agents 
such as NH3 or N2H2. The benefit of the Lewis acid-induced polymerization is 
that it can be used to produce large quantities of material with few difficulties 
encountered by scale-up. Furthermore, with proper functionalization, soluble 
conjugated polymers can be obtained that are more amenable for many applica- 
tions than are the corresponding infusible electrosynthesized films, or insoluble 
powders, of non-functionalized polymers. 
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3.4 

Ring-Opening Metathesis Polymerization 

Olefin metathesis is a staple of organometallic chemistry and introductions to 
the subject can be found in almost all introductory organometallic textbooks [8- 
11]. The premise of metathesis operates on the ability of certain reactive organo- 
metallic species (usually carbene or alkylidene complexes) to add to double 
bonds forming metallacycles. These cyclic species are in constant equilibrium 
with unreacted olefin and starting complex, and thus, toggle back and forth be- 
tween the metallacyclic and olefin forms. However, the olefin that is obtained by 
reversal of the forward reaction need not be the original one. As the goal of olefin 
metathesis is the formation of “new” unsaturated molecules, the term produc- 
tive metathesis is used to describe the formation of desired products while de- 
generate metathesis yields the original olefin and carbene complex. The tenden- 
cy of a reaction to undergo productive metathesis can be enhanced if one of the 
olefins produced can be removed from the reaction mixture upon its formation. 
Thus, the entropic advantages of the elimination of ethylene or propylene by the 
use of high vacuum can be exploited to afford new olefin in exceptionally high 
yields. 

To increase the efficiency of the reaction, and the molecular weight of the ma- 
terials produced, cyclic olefins, possessing a large degree of ring strain (an exam- 
ple is given in Scheme 8), are often employed. With such a “ring-opening metath- 
esis polymerization” (ROMP) strategy, the enthalpic change accompanying ring 
opening drives the reaction to yield polymers with very high molecular weights. 
Further advances in ROMP have produced systems that avoid the production of 
volatile by-products, yet still afford materials with the desired properties [8, 10]. 

3.5 

Transition Metal-Catalyzed Coupling Polymerizations 

The final route to conducting polymers to be described also involves organome- 
tallic processes. Of these coupling reactions, the cross-coupling polymerization 
is, perhaps, the best explored and most widely employed. Two monomer func- 
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tionalities, each playing key roles in the catalytic cycle, are required in such 
schemes, and they are commonly halogens (or halide equivalents including to- 
sylates and triflates) and electropositive metal-containing groups (-B(OR)2 , - 
MgX, -ZnX). 

A myriad of methods have been developed, each differing in the required 
monomer types and catalyst precursors, and to describe the intricacies of these 
pathways would require a more complete treatise on transition metal-catalyzed 
cross-coupling reactions than space allows. Instead, the essence of many of these 
polymerizations can be conveyed using generic terminology. Here, terms such 
as “catalyst activation”, “oxidative addition”, “transmetallation”, and “reductive 
elimination” will be used to describe the important steps common among the 
various catalytic cycles. Accordingly, Scheme 9, which is the accepted mecha- 
nism for the Stille coupling reaction [12], will be used as an illustrative diagram 
highlighting the important components of a given polymerization. 

Many of these coupling reactions do not begin with the active catalyst, and 
thus require some “activation” step as shown in segment A. In a Stille coupling 
reaction, it is possible to use a palladium(II) catalyst (typically a dihalo com- 
pound) which is attacked by two trialkylstannyl-funtionalized monomers, re- 
sulting in a diarylpalladium(II) species and halotrialkyltin by-product. Reduc- 
tive elimination affords the active palladium(O) catalyst and homocoupled biar- 
yl. It is wise to account for catalyst activation when calculating monomer ratios, 
as the stoichiometric imbalance caused by homocoupling often leads to materi- 
als with decreased molecular weights. 




X-Sn(R)3 Ar-Sn(R)3 

Segment C I 



Scheme 9 
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The actual catalytic cycle is now entered at this point, and oxidative addition 
of the halo-aryl monomer can occur, as shown in segment B. This step highlights 
the ability of the active catalyst to insert into aryl-halide bonds, and is so named 
because the palladium center is now in a 2+ higher oxidation state. The electro- 
positive nature of the aryl-stannyl allows transmetallation to occur (segment C), 
and as in segment A, a diaryl-metallo species results with the concomitant for- 
mation of a small molecule (XSnR 3 ). Finally, the diaryl complex spontaneously 
undergoes reductive elimination in segment D resulting in C-C bond formation 
and regeneration of the active catalyst. This cycle is continually repeated, utiliz- 
ing monomer and oligomer units, ultimately affording the desired conjugated 
polymer. 

As mentioned above, there are a variety of transition metal- catalyzed polym- 
erizations that have been developed. Which coupling method will yield the best 
results is a function of many factors. For instance, Yamamoto methodology is 
not feasible with certain functionalities as the required Grignard reagent is ex- 
tremely reactive [13]. When working with aqueous systems, the Suzuki polym- 
erization is extremely well-suited while most others are not [14]. Moreover, the 
electronic nature of the monomers can render one method relatively ineffective 
but increase the effeciency of another. Given these subtle differences, a broad 
overview of each polymerization route might prove misleading, and hence, we 
will present examples and generalizations for the different families of CPs in the 
upcoming sections. 

4 

Polyacetylene 

4.1 

Direct Polymerization of Acetylene 

Polyacetylene (1) can be viewed as the simplest conjugated polymer and has 
been studied extensively since the initial reports of high conductivity in doped 
complexes in 1977 [15, 16]. Polyacetylene serves as a model for developing both 
the electronic and physical properties of electronically conducting polymers 
with unique properties in both its reduced semi-conducting and highly doped 
conducting forms. Polyacetylene is highly crystalline, which has allowed direct 
structural analysis of both the doped and undoped forms. The chemistry struc- 
ture and electrical properties of polyacetylene have been reviewed extensively, 
[17-21] and have also been the subject of several books [22, 23]. 




1 



Structure 1 
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4.2 

Substituted Polyacetylenes 

The direct polymerization of substituted acetylenes has been employed exten- 
sively in the search for stable and processible PA-based materials. A variety of 
new monomers and new synthetic chemistry have been developed over the years 
for the synthesis of processible substituted polyacetylenes [24]. A wide range of 
synthetic techniques, including thermal, radical, anionic, electrochemical and 
metathesis polymerizations, have been utilized. The substituents incorporated 
onto the polyacetylene backbone include phenyl, alkyl, trifluoromethyl, tri- 
methylsilyl, and fused rings, as well as many other functionalities [25, 26]. Acet- 
ylene monomers containing mesogens have been synthesized and polymerized 
in search of highly ordered and oriented polymers [27, 28]. In general, the elec- 
trical conductivity of substituted polyacetylenes in their fully doped states is 
several orders of magnitude lower than that of the unsubstituted parent poly- 
mer. 

4.3 

Cyclic Polyacetylene Derivatives 

One of the first methods employed for the preparation of a derivatized polymer 
having a fully conjugated PA backbone involved the cyclopolymerization of di- 
yne monomers to yield a chain containing fused rings, as shown in Scheme 10 
for the hexadiyne example [29, 30]. 

In this instance, Ziegler-Natta polymerization yields a soluble, linear polymer 
2, containing a six-membered cyclic ring fused at each repeat unit. Unfortunate- 
ly, this polymer undergoes isomerization to form a non-conjugated polymer, 
disrupting the electronic properties of the backbone [31]. It was found that this 
isomerization could be prevented by the introduction of heteroatom functional- 
ity into the diyne architecture, as exemplified by the polymerization of propiolic 
anhydride 3, which yielded a stable polymer 4 as shown in Scheme 1 1 [32]. 
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Further functionalization has been possible using metathetic polymerization 
routes with the added benefit that high molecular weight and soluble materials 
can be obtained directly [33, 34]. In these instances, it was found that numerous 
heteroatoms could replace the anhydride functionality in structure 3. For exam- 
ple, silyl derivatives containing alkyl groups affixed to the silicon atom within 
the ring afforded a system with appreciable solubility in common organic sol- 
vents. One unique copolymer 5 was synthesized having the chemical structure 
shown below in Scheme 12. The cyano biphenyl-containing polymer exhibited a 
smectic phase while the methoxy biphenyl-containing polymer exhibited a 
nematic ordered structure upon heating. Furthermore, I 2 doping of these poly- 
mers yielded materials with conductivities in the range of 10"^ to 10'^ S cm"^ 

4.4 

Water-Soluble Polyacetylenes 

One of the more useful synthetic tricks developed for the preparation of proces- 
sible conjugated polymers has been the incorporation of ionic pendant groups 
that can induce water solubility. As polymer chemists look to prepare materials 
that are more environmentally benign, these water-soluble polymers may ulti- 
mately prove to be of commercial importance. 

Accordingly, a series of water-soluble PAs were synthesized by the quaterni- 
zation and subsequent polymerization (via activation by a pyridine nucleus) of 
4-ethynylpyridine to yield the substituted PAs 6 shown in Scheme 13 [35-39]. In 
this thermal polymerization, it was found that alkylation of the pyridine ring 
was required to ultimately induce polymerization. These quarternized PAs were 
found to be amorphous solids, and were also reported to be highly soluble in 
both polar organic solvents and water. Further tailoring of their solubility could 
be effected through the use of various gegenions. 

Spectroscopic and viscosity results for these quarternized PAs indicated that 
these polymers have effective conjugation lengths ranging from 10-16 double 
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bonds. Here, the effective conjugation length is the average number of double 
bonds along the chain with effective overlap. This can be limited by either the 
molecular weight of the polymer (for short chains), or the presence of defects 
and/or steric distortions that break (or reduce) Jt-overlap along the backbone. 
The quarternized polyacetylenes are strongly absorbing in the UV-visible range 
with absorbances extending out to 700-800 nm. 

These quarternized polymers can be viewed as “self-doped” but exhibit relative- 
ly low intrinsic conductivities. The polymers can be oxidatively doped with iodine, 
or reductively doped with TTF, to give highly conducting polyacetylenes with con- 
ductivities of 10"^ and 10"^ S/cm, respectively. One additional attractive feature of 
this system is that, unlike PA, these quarternized PAs are very stable in air. 

4.5 

Precursor Polyacetylene Via Ring Opening Metathesis Polymerization (ROMP) 

The precursor polymer route has been developed as one of the most important 
methods for the preparation of conjugated polymers [40, 41]. As the fully conju- 
gated PA systems tend to be completely intractable, the synthesis of a soluble pre- 
cursor allows processing prior to conversion to the fully conjugated form. In ad- 
dition, as the polymer retains solubility during synthesis, high molecular weights 
are easily obtained. Numerous precursor PAs have been prepared via the metath- 
esis polymerization of cyclobutene derivatives, as illustrated in Schemes 14 and 
15. Thermolysis of these materials leads to an evolution of a small organic by- 
product, driving the formation of the conjugated backbone. A nice feature of this 
method is that the prepolymer can be oriented by stretching during thermal 
elimination. Furthermore, the gaseous by-product serves as a plasticizer, which 
facilitates ordering of the chains during orientation, ultimately leading to high 
conductivities in the doped state. A drawback of this precursor method is the rel- 
atively high reactivity of the material (explosive) when converting large amounts 
of material to polyacetylene [40, 41 ] . Such behavior was especially seen for poly- 
mer 7 and motivated the synthesis of the less reactive derivatives 8-11. 

The ROMP methodology has been used extensively for the further synthesis 
of other precursor polymers and substituted PAs. Cyclic rings containing one or 
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Scheme 14 





Scheme 15 



Scheme 16 




more double bonds can be polymerized by the many known metathesis cata- 
lysts. Details of the different types of ROMP catalysts available, their synthesis 
and mechanisms of polymerization, have been reviewed [10]. 

The flexibility of the ROMP methodology has allowed numerous systems to 
be investigated, as both polymer precursors and conjugated PAs can be synthe- 
sized directly. The precursor polybenzvalene 12, shown in Scheme 16, was the 
first of the PA-precursors to be synthesized by ROMP that did not require elim- 
ination of a molecule during conversion to the conjugated form [42]. The pre- 
cursor polymer was then converted to trans-VA by treatment with zinc iodide or 
mercuric chloride. 

Sequential addition methods were utilized to synthesize block copolymers of 
polybenzvalene with polynorbornene to yield block copolymers of PA and pol- 
ynorbornene after isomerization [43]. (It should be noted that both benzvalene 
and polybenzvalenes are sensitive to shock and mechanical stress causing ring 
strain-promoted explosions in the precursor materials.) 

A broad series of substituted-PAs 13 have been synthesized from cycloocta- 
tetraene (COT) derivatives as a result of the tendency of the COT nucleus to un- 
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Scheme 17 



dergo ROMP as shown in Scheme 17 [44-49]. It was determined that monosub- 
stituted monomers polymerized much more effectively than their di- and tris- 
ubstituted counterparts due to steric effects of the bulkier rings. In this instance, 
ROMP polymerizations yielded high molecular weight polymers comprised of 
predominantly cis units and a high level of polydispersity. The polydispersity of 
these materials has been attributed to a backbiting mechanism, which is not a 
problem for many of the other ROMP polymerizations. This undesired reaction 
results in the formation of various substituted-benzene side products. While this 
side reaction does not terminate the polymerization, it does reduce the overall 
molecular weight of the polymer and complicates its resulting structure through 
a decrease in side chain concentration. 

As noted above, these polymerized COTs yield conjugated polymers with a 
high level of c/s-isomer content, affording a higher level of solubility in the sub- 
stituted polymers. Electronic spectroscopy suggests that the polyCOTs have ef- 
fective conjugation lengths of 15 to 20 double bonds. It was found that the elec- 
trical conductivity of these materials was dependent upon the cis- and tmns-iso- 
mer content in the polymer. Isomerization to the more conducting trans-form 
can be accomplished via either photochemical or thermal means, but results in 
a concomitant reduction in the polymer’s solubility. 

5 

Poly(p-phenylene) 

Poly(p-phenylene) (PPP) 14 is a highly crystalline, infusible, and insoluble poly- 
mer that has an exceptional degree of thermal stability in its neutral form [ 1 a, 50] . 
While there has been a significant amount of work published throughout the years 
concerning the synthesis of PPPs, a review of the literature indicates that, in many 
early cases, the polymers’ structures could not be well-characterized due to their 
insolubility [51-54]. In more recent times, synthetic methodologies have been de- 
veloped that now allow PPPs to be prepared that are structurally regular and 
processible, and these more amenable materials are the main focus of this section. 
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5.1 

Direct Synthesis of Poly(p-phenylenes) 

The direct synthesis of PPP by condensation polymerization represents one of 
the oldest preparations of a conjugated polymer. This is exemplified by the Ull- 
mann coupling of dihalobenzenes using copper powder [56] and by Wurtz [57, 
58] chemistry where dihalobenzenes are reacted with sodium metal to give oli- 
gomeric PPPs [59]. 

The synthesis of PPP via step polycondensation Friedel-Crafts polymeriza- 
tion of benzene was developed by Kovacic, as outlined in Scheme 18 [la, 60-62]. 
Lewis acids, including AICI 3 , AlBr 3 , FeCl 3 , and SbCl 5 , (along with an oxidizing 
agent) are used as the initiator system for this style of polymerization. A review 
of this polymerization shows that both cross-linked and branched polymers can 
be obtained depending on reaction conditions and the nature of the polymeri- 
zation agent. 

An important advancement for the synthesis of well-defined PPPs was the 
site-controlled nickel-catalyzed coupling of Grignard reagents, derived from di- 
halobenzenes, to yield linear PPP as shown in Scheme 19 [63, 64]. The PPPs ob- 
tained by Yamamoto chemistry range from yellow to brown infusible solids of 
low molecular weights; typically with degrees of polymerization ranging from 
10 - 12 . 



5.2 

Soluble Substituted PPPs 

The incorporation of pendant alkyl substituents onto the PPP backbone allows 
the material to be solubilized in common solvents and greatly enhances proces- 
sibility. However, a resulting trade-off in electrical properties can often arise due 
to the steric bulk of the solubilizing groups. In many cases the twist angle be- 
tween consecutive rings (23° for unsubstituted PPP) [65] significantly increases, 
reducing Jt-electronic overlap and broadening the band gap of the material. Sol- 
uble PPPs 15 were first prepared by the incorporation of long alkyl side chains at 
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every repeat unit as shown in Scheme 20 [66]. The solubility of the polymers was 
found to be a function of the length of the side chain, with alkyl groups longer 
than 6 carbons, yet shorter than 12, giving an optimum balance for physical and 
electronic properties. An average degree of polymerization of 8-20 units was 
found for these polymers. 

Suzuki coupling chemistry of benzene boronic acid derivatives and haloben- 
zenes using a Pd(0) catalyst has also been employed for the synthesis of substi- 
tuted PPPs as illustrated by the A-B type monomer 16 [67-73] . These initial syn- 
theses were carried out under heterogeneous conditions at a basic pH as illus- 
trated by Scheme 21. Such Suzuki coupling polymerizations are rather attractive 
alternatives as a wide variety of functional groups can be tolerated with minimal 
interference in the coupling scheme. 

Recently, a number of studies have been aimed at expanding the scope of pal- 
ladium- and nickel-catalyzed polycondensation reactions through new twists on 
established routes or the advent of entirely new reaction pathways. The Ni(0)- 
catalyzed homo-coupling polymerization of triflate-substituted benzenes 17, as 
shown in Scheme 22, was utilized to synthesize a number of PPP derivatives [74- 
76]. Structural characterization indicated that these polymers are para-linked, 
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but that the pendant groups at the ortho-positions can undergo isomerization in 
the presence of the catalyst to yield polymers with randomly distributed substit- 
uents along the backbone. Phenyl- and t-butyl-substituted monomers gave poor 
yields of low molecular weight polymers as steric hindrance reduced reactivity 
towards polymerization (relative to the use of non-sterically interacting substit- 
uents such as methoxy groups). Accordingly, the number average molecular 
weights of these polymers ranged from 1000-6000 g/mol depending on the ster- 
ic nature of the substituent and polymerization conditions used. 

A Pd(0) -catalyzed cross-coupling polymerization of aryl triflates and aryl 
stannanes has also been reported allowing a variety of phenylene copolymers to 
be produced [77]. In an extension of the triflate-coupling work, analogous meth- 
odology was developed to synthesize PPPs from aryl mesylates [78-81 ] . A major 
benfit of this coupling chemistry is that the use of mesylates circumvents the 
costs associated with preparing expensive triflate monomers. Furthermore, this 
polymerization methodology also exhibits the ability (employing certain condi- 
tions and monomer architectures) to produce PPPs with much higher molecular 
weights than materials produced by the corresponding triflate pathway. 

A number of polyphenylenes have been synthesized by routes employing a 
zero-valent Ni-catalyzed coupling previously utilized for biaryl synthesis [82- 
87]. For instance, relatively high molecular weight poly(benzoyl-l,4-phenylene) 
18, shown below in Scheme 23, was synthesized via the homopolymerization of 
2,5-dichlorobenzophenone. It was shown that polymer properties were largely 
dependent upon the polymerization conditions (coligand, temperature, and re- 
action time) with molecular weights ranging from 4400-8900 g/mol being ob- 
tained for these polymers. 

5.3 

Soluble, Fully Aromatic Polyphenylenes 

The synthesis of soluble, fully aromatic-substituted polyphenylenes 19 has been 
pursued, as outlined in Scheme 24, where polymerization of various dihaloben- 
zenes was accomplished by initial activation with t-butyl lithium [88, 89] . In this 
example, the use of 1.5 equivalents of t-butyl lithium in conjunction with dibro- 
mobenzene in THF at -78 °C, followed by warming to room temperature, yield- 
ed 19. 
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Scheme 25 



The mechanism for this polymerization is believed to involve the formation 
of an o-benzyne intermediate that gives rise to either meta- or para-linkages 
along the polymer backbone. Structural investigations have indicated the result- 
ing organic-soluble polymer does indeed contain both meta- and para-linkages 
with X-ray diffraction studies showing the polymer to be rather amorphous in 
nature. 

Novel, hyper-branched polyphenylenes 20 have been prepared by the self- 
coupling of 3,5-dibromophenylboronic acid in the presence of Pd(PPh 3)4 as 
shown in Scheme 25 [90, 91]. (The monomer was prepared by treatment of the 
monolithiate of 1,3,5-triboromobenzene with trimethyl borate.) The hyper- 
branched polymer was found to be organic soluble, and could be converted to a 
water-soluble, polyphenylene derivative by treatment with butyl lithium fol- 
lowed by quenching with CO 2 . The water-soluble nature of such hyper-branched 
polyphenylenes has made them suitable candidates for use in various applica- 
tions such as unimolecular micelles. 
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5.4 

Polyphenylenes Via Soluble Precursor Polymers 

As with polyacetylenes, high molecular weight PPPs can be prepared using the 
soluble precursor method. Early work demonstrated that 1,3-cyclohexadiene 
could be polymerized by anionic [92], cationic, [93, 94], and Ziegler-Natta [93] 
polymerization routes. The polycyclohexadienes obtained were converted to a 
jr-conjugated polymer by dehydrogenation under a variety of conditions. One 
significant drawback to this approach is the fact that these polymerization 
routes afford materials with a significant defect content due to 1,2-linkages con- 
tained in the prepolymer and incomplete dehydrogenation/aromatization. 

The successful synthesis of a high molecular weight precursor to polyphe- 
nylene that could be more readily converted to its corresponding conjugated 
polymer was reported where the prepolymer utilized ester substituents [95, 96]. 
In a novel bacterial oxidation of benzene, a c/s-cyclohexadiene diol 21 was ini- 
tially prepared that was later acetylated and polymerized as shown in 
Scheme 26. This polymer was determined to contain approximately 90% 1,4- 
linkages and 10% 1,2-linkages. 

Subsequently, a non-enzymatic synthesis of the c/s-diesters of cyclohexadiene 
was developed. Radical polymerization of these esters again yielded polymers 
with mixed 1,4- and 1,2-linkages [97]. Despite the significant defect level of these 
polymers (1,2-linkages), the PPPs synthesized by these routes exhibited electri- 
cal conductivities between 1 and 100 S cm"^ upon oxidative doping. 

A modified synthesis of the above precursor polymer has been reported using 
a TMS derivative of the cyclohexadienediol [98]. This bisTMS derivative was 
then polymerized using bis[(allyl)trifluoroacetatonickel(ll)] (ANiTFA) 2 , as 
shown in Scheme 27, to give exclusively 1,4-linked polycyclohexadiene 22 boast- 
ing a rather high molecular weight. While this precursor polymer did not under- 
go direct elimination due to the poor nature of the TMS leaving group, it was 
converted to the diol-containing polymer by treatment with fluoride ion. Ester- 
ification of the resulting polydiol yielded an ester-functionalized polymer that 
eliminated cleanly at 320-340 °C to yield PPP. 
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A Bergman-like [99, 100] cyclization has been employed to synthesize substi- 
tuted-PPPs 23 [101]. Using this strategy enediynes are cyclized and subsequent- 
ly coupled upon thermal treatment, as shown in Scheme 28. The polymers ob- 
tained in this manner are 2,3-disubstituted and display number average molec- 
ular weights on the order of 1500-2500 g/mol. 

5.5 

Water-Soluble Poly(p-phenylenes) 

Water-soluble poly(p-phenylene) 24, shown in Scheme 29, was prepared by the 
introduction of carboxylic acid pendant substituents along the p-phenylene 
chains [102]. In initial work in this area, a dicarboxy-substituted dibromobiphe- 
nyl was polymerized with 4,4'-biphenyl bis-boronic acid via Suzuki coupling 
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chemistry in the presence of a water-soluble Pd(0) catalyst. A 0.1% solution of 
the polymer forms highly viscous solutions in 0.1 M aqueous Na 2 C 03 , and thin 
transparent films obtained from solution casting were discovered to be birefrin- 
gent under polarized light. 

The synthesis of water-soluble PPPs 25 containing prop oxysulfon ate groups, 
shown in Scheme 30, has been accomplished by the polymerization of 1,4-dibro- 
mo-2,5-bis(3-sulfonatopropoxy)benzene with benzene bisboronic acid as out- 
lined in reaction 24 [103]. Using such methodology, polymers could be obtained 
displaying a wide range of PPP chain lengths (from low molecular weight oli- 
gomers to chains greater than approximately 50 rings) by utilizing a monofunc- 
tional comonomer. This polymer was highly soluble in water and could be solu- 
tion cast to give both p- and n-dopable films exhibiting optical band gaps of 
3.0 eV (Scheme 30). 

5.6 

"Planarized" Polyphenylenes 

As has been outlined in this section, unsubstituted-PPP is an insoluble, infusible 
material. Substitution of the polymer backbone with appropriate alkyl- or 
alkoxy-groups can, in turn, afford soluble materials. However, in many instances 
these solubilizing groups prove detrimental to electronic properties as a result 
of steric interactions with the phenylene units. Accordingly, a recent thrust in 
PPP synthesis has been aimed at obtaining electronically optimized PPPs 
through the use of “planarized” structures. This strategy involves placing bridg- 
ing units that will hold consecutive aryl rings in a near-planar geometry. In ad- 
dition, the use of conjugated connectors can help to provide even more Jt-conju- 
gation than possible in the parent PPP. 

Utilizing Suzuki polymerization methodology, ladder-type PPPs 26 that were 
both soluble and structurally well-defined have been prepared [104-109]. The 
synthesis of this elegant polymer is illustrated in Scheme 3 1 with the uncyclized- 
PPP being obtained via a Suzuki coupling polymerization. The key step in this 
scheme is the final bridging of the phenylene rings, which was accomplished in 
this example by a Friedel-Crafts alkylation/cyclization. Such methodology must 
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be essentially quantitative in conversion to afford a highly regular structure in 
the ultimate ladder polymer. The electronic benefits of the planarized structure 
can be seen in the UV-Vis absorption spectrum for the polymer. The solution 
Imax the polymer occurs at 438 nm, quite close to the theoretically predicted 
value of 442 nm for regular, fully conjugated unsubstituted-PPP [104]. 

Further use of the Suzuki polymerization has yielded polymeric precursors 
to planar PPP derivatives 27 [105, 106] (Tour '93 and Lamba). The strategy, 
shown above in Scheme 32, utilized a postpolymerization cyclocondensation re- 
action to afford imine-bridged aryl units. Optical absorption data showed that 
the planarized polymers exhibited large bathochromic shifts relative to the un- 
cyclized parent polymers. 
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6 

Poly(phenylene vinylene) 

6.1 

Introduction 

Poly(phenylene vinylene) (PPV) can be viewed as an alternating copolymer 
composed of p-phenylene and trans-vinylene units [112]. The optical band gap 
of unsubstituted-PPV is reported to be '-2.6 eV, which is intermediate between 
those of PPP and polyacetylene [113-115]. This material has consistently been 
one of the most-studied conjugated polymers as doped PPV films have electrical 
conductivities in the range of 10-500 S cm"^ [116, 117], and exhibit large third- 
order nonlinear optical responses [118-121]. With their typically bright fluores- 
cence, PPV and its derivatives have become one of the most widely employed 
family of materials for polymer-based LEDs [122-130]. For example, dialkoxy- 
substitution of the backbone’s phenylene rings results in a strong increase in the 
corresponding polymer’s photo current, important for solar energy conversion 
applications [131]. Furthermore, the trans form of PPV is an extremely rigid 
molecule capable of dense packing and many of its copolymers have exhibited 
liquid crystallinity. Accordingly, thermotropic liquid crystalline behavior in a 
number of PPV derivatives has been reported, and several types of structural 
modifications have been made to lower the softening or melting point of the ma- 
terial [132,133]. 

The synthetic chemistry of PPV has consistently improved over the years. 
Original polymerizations used common olefin-forming reactions that tended to 
produce low molecular weight, oligomeric materials. Significant breakthroughs 
have surfaced, and it is now possible to synthesize high molecular weight, 
processible polymers through improved chemical synthesis. Of these new syn- 
thetic pathways, metathesis polymerization, Heck's reaction and bissulfonium 
salts are the most extensively studied reactions for the preparation of substitut- 
ed- and unsubstituted-PPVs. 

6.2 

PPVVia Classical Organic Means 

Initially, PPV was synthesized by condensation reactions that can be found in 
most introductory organic textbooks. Most commonly, reactions such as the 
Wittig, Knoevenagel, Wurtz-Wittig, or McMurray, as well various dehydrohalo- 
genation reactions, were employed that yielded oligomers or low molecular 
weight PPV. 

A “Wittig” style polymerization, shown in Scheme 33, is the result of conden- 
sation of dialdehyde monomers with bis(phosphonium) salts containing aro- 
matic cores, and was reported for the first time in 1960 [134]. Unfortunately, due 
to low reactivity and conversion, the Wittig polymerization typically only af- 
fords materials with a DP of ~ 10. Despite its limitation to forming low molecular 
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weight polymers, this chemistry has been used to make a variety of soluble and 
insoluble PPVs 28 [134-139], 

The Knoevenagel reaction is a base-catalyzed condensation between a dialde- 
hyde and an arene possessing two sites with relatively acidic protons. In this po- 
lymerization, shown schematically in Scheme 34, deprotonation affords a di- 
functional nucleophile that subsequently attacks the carbonyl functionalities 
present in the other monomers. Elimination is the final step in the Knoevenagel 
sequence, and the use of monomers with highly acidic protons drives the reac- 
tion to completion. A number of research groups have employed this method to 
obtain PPV and its substituted analogs 29 [126, 140-146]. 

Cyano-substituted PPVs have low electrical conductivity due to the electron 
withdrawing ability of cyano group, however, they have become important ma- 
terials for the fabrication of LEDs. While LED devices constructed from unsub- 
stituted-PPV exhibit efficiencies of less than 1%, similar LED devices fabricated 
with cyano-substituted PPVs have displayed efficiencies of over 4%. To further 
enhance device performance, proccessible polymers containing cyano function- 
alities were synthesized utilizing monomers possessing solubilizing alkoxy 
chains for ease of device construction. 

Dehydrohalogenation reactions have also been employed for the synthesis of 
a variety of PPVs. Polymerization in this manner is generally carried out using 
a variety of strong bases in conjunction with a,a'-dihaloxylenes [147-149]. In 
Scheme 35, a,a'-dichloroxylene is subjected to dehydrohalogenation conditions 
using NaH with a DMF solvent system to give unsubstituted-PPV 30. Polymers 
prepared by dehydrohalogenation have been known to contain significant 
amounts of residual chlorine, and heating of the polymer to 300 °C helps to com- 
plete elimination [138]. 
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Scheme 35 
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The McMurray reaction, shown above in Scheme 36, has also been called 
upon for the synthesis of PPV [150-152]. Here, deoxygenative coupling of a di- 
aldehyde is accomplished by reduction of the carbonyl groups with Ti(0) (gen- 
erated by the reduction of TiClg with LiAlH4). The formation of Ti02 drives the 
polymerization and ensures the removal of both carbonyl oxygens. 

6.3 

Direct Synthesis of PPV via ADMET 

Acyclic diene metathesis (ADMET) polymerization of divinyl benzene, shown in 
Scheme 37, using an extremely reactive tungsten alkylidene catalyst (Schrock’s 
catalyst) yielded PPV oligomers with DP of ~8 [153]. In this example ethylene is 
formed as a side product of metathesis, and its removal by the use of high vacu- 
um helps drive the polymerization in the forward direction. 

Soluble PPV derivatives can be prepared by ADMET polymerization through 
the use of dialkyl divinyl benzene monomers [154, 155]. Accordingly, 2,5-dihep- 
tyhl,4-divinylbenzene was polymerized using Schrock's catalyst yielding mon- 
odisperse polymer that was readily soluble in THE and CHCI3. NMR and GPC 

results for this sample suggested a DP of '-10. Unfortunately, polar groups have 
tended to inhibit metathesis and to date soluble PPV produced via ADMET is 
limited to monomers possessing alkyl substituents. 
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6.4 

Precursor Polymer Route 

This polymerization strategy is perhaps the most widely employed for the syn- 
thesis of PPV and its substituted derivatives, as well as various other heteroaro- 
matic vinylenes. While there are a number of approaches that fit into this cate- 
gory, they all proceed through a soluble “pre-polymer”. This pre-polymer is 
treated to effect elimination ultimately yielding the desired PPV derivative. The 
materials produced by this method can be of very high molecular weight, and 
their films highly oriented by stretching during conversion of the precursor pol- 
ymer to its conjugated form. 

The Wessling and Zimmerman aqueous precursor route is illustrated in 
Scheme 38 [156]. Here, a bis(halomethyl)monomer is reacted with dimethyl- 
sulfide and subsequent treatment with base affords the high molecular weight 
precursor polyelectrolyte 31. Due to the instability of 31, polymerization must 
be carried out at low temperatures (<4 °C) to avoid thermal elimination of the 
polyelectrolyte. Precursor polymer 31 can be stored in solution with refrigera- 
tion, and its shelf life can be increased by the addition of a small amount of py- 
ridine. Precursor polymer 31 can be processed into highly oriented, free-stand- 
ing films or fibers that can subsequently be converted to PPV with the elimina- 
tion of gaseous dimethylsulfide and HCl at 200 °C. 

The effect of the structure of the sulfonium salt has been investigated through 
the use of various sulfides. As shown in Scheme 39, monomer salts 32 and 33 
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were synthesized utilizing tetrahydrothiophene and other cyclic sulfides, respec- 
tively, in place of dimethyl sulfide [157, 158]. Tetrahydrothiophene salts exhibit- 
ed the optimum balance between stability of the pre-polymer at low tempera- 
tures and ease of conversion to PPV. Most interestingly, it was discovered that 
PPV obtained from tetrahydro thienyl sulfonium salts displayed better conduc- 
tivity when compared to polymer obtained using the other sulfonium salts. 

The synthesis of PPV was slightly modified using tetrahydrothienyl sulfo- 
nium salt-based pre-polymers [159]. The precursor polymer 34 was dissolved in 
methanol and heated at 55 °C for 18 h to give the methoxy- substituted polymer 
35, shown in Scheme 40. The great benefit of this method is that the fully meth- 
oxy-substituted polymer 35 is soluble in organic solvents allowing easier 
processing throught the use of more volatile solvents. Elimination to PPV is ac- 
complished by heating at 220 °C in the presence of HCl gas under an argon at- 
mosphere for 22 h. 

The effect of different gegenions on the elimination temperature of the pre- 
polymer and its subsequent manifestation in PPV properties was also investigat- 
ed [160-162]. As shown in Scheme 41, the CT ions of precursor polymer 34 were 
replaced by F", Br, T, or acetate ions through ion-exchange via dialysis to give 
the corresponding precursor polymers 36. 

Precursor polymer 36d, with acetate gegenions, required significantly higher 
elimination temperatures than did the other polymers in the series. Thermal 
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elimination to PPV is believed to occur through an E2 mechanism. Thermal 
analysis and IR spectra indicated that water molecules present in the precursor 
polymer are strongly hydrogen bonded, and the presence of this hydrogen 
bonded water is essential for lowering the elimination temperature. Accordingly, 
acetate ions are more hydrophobic than halide anions, reducing the hydrogen 
bonding of water by the precursor polymer, which is subsequently responsible 
for the higher elimination temperature. 

Various alkoxy-functionalized PPV derivatives have also been synthesized 
using the bis(sulfonium salt) pre-polymer route. In terms of properties, the 
presence of the electron donating alkoxy group results in a reduction of the band 
gap, higher electrical conductivities upon doping, and improved solubility in or- 
ganic solvents when the side chains are of sufficient length. For instance, 
dimethoxy-substituted PPV 37 has a band gap more than 0.3 eV less than that of 
unsubstituted-PPV. While PPV cannot be doped with I 2 due to the polymer's 
high oxidation potential, alkoxy-substituted PPV derivatives are readily doped 
with I 2 to give highly conducting polymer films [120, 163-167]. Dihexyloxy- PPV 
is fully soluble in organic solvents. Conversion of its corresponding precursor 
polymer to PPV can be performed in basic solution as opposed to thermal treat- 
ment in solid state. 

Water-soluble, propoxysulfonated-PPV 38 has been prepared as outlined in 
Scheme 42 [168]. Polymerization, using the bis(sulfonium salt) method, pro- 
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ceeded smoothly to yield a precursor polymer that could be converted to PPV 
by a number of methods. Upon elimination, polymer films can be cast from H 2 O 
and doped with HCL Not only do the sulfonate groups afford water solubility, 
but they also act as the charge compensating dopant ions during p-doping 
(hence, the polymer can be said to be “self doping”). Conductivity of doped pol- 
ymer films typically approach 2x10"^ S cm"^ in air and increases to 10“^ to 10"^ S 
cm"^ in a humid atmosphere. 

Some accompanying disadvantages do exist with synthesizing PPV through 
the various bis(sulfonium salt) methods. Chiefly speaking, yields of PPV are rel- 
atively low (typicaly ranging from 10-20%) due to the dialysis isolation method- 
ology employed. The poor stability of the precursor polymer, coupled with its 
short shelf life, is also of prime concern. Polymerization of sulfonium salts often 
generates free alcohol functionalities when performed under basic conditions, 
and these groups tend to undergo oxidation to carbonyl groups upon thermal 
elimination, ultimately decreasing the effective conjugation length of the PPV 
[116]. However, through continual efforts toward enhanced synthetic proce- 
dures, many of these difficulties have been overcome. 

Precursor routes, other than the bis(sulfonium salt), have also been explored 
for the synthesis of PPV. For example, PPV was synthesized using sulfoxide and 
sulfone analogs, and the detailed syntheses of these intermediates are outlined 
in Scheme 43 [169, 170]. While monomers 39 and 40 are insoluble in water, they 
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are soluble in organic solvents, and thus, allow polymerization in organic media 
(e.g.,a NaH/DMF mixture). A very attactive feature of these new strategies is that 
neither the sulfoxide nor the sulfone precursor polymers are polyelectrolytes in 
nature, allowing for facile purification via reprecipitation from organic solvents. 

The synthesis and characterization of precursor PPVs using ROMP have been 
reported using substituted bicyclo(2.2.2) octadienes [171-173]. Polymerization 
of monomer 41, shown in Scheme 44, can be accomplished in high yield using 
either a tungsten- or molybdenum-alkylidene catalyst. While the initiation 
process is rather slow, the reaction proceeds to completion with precursor poly- 
mer 42 being obtained with relatively low molecular weight dispersities 
(PD1~1.2-1.3). Structural analysis of the polymer shows that ROMP, in this case, 
yields exclusively 1,4-linkages with spectral data suggesting an equal distribu- 
tion of cis- and fran5-vinylene units. 

Thermal elimination at a temperature of 260 °C resulted in a yellow PPV film, 
and spectral characterization of the polymer indicated the aromatization reac- 
tion was both complete and possessed fewer defects than the analogously pre- 
pared PPV. Interestingly, this elimination temperature can be lowered by ca. 
60 °C through the addition of octylamine. 

6.5 

The Heck Reaction 

Palladium-catalyzed olefin arylation reactions (‘‘Heck coupling”) have been suc- 
cessfully employed for the generation of C-C bonds in organic synthesis for dec- 
ades [174-177]. Arylhalides and olefins are coupled by palladium catalysts (typ- 
ically with phosphine co-ligands) in the presence of base, such as a tri- 
alkylamine. 

Three different methodologies have been employed to extend the use of the 
Heck reaction to the synthesis of PPV, and they are presented in Scheme 45. 
Method A uses ethylene gas that is bubbled through a solution of previously ac- 
tivated Pd(0) catalyst, and an appropriately substituted dibromo- or diiodo-ben- 
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zene. Perhaps the most widely employed approach, method B, utilizes both di- 
vinylbenzene and dibromobenzene as substrates that are coupled in the pres- 
ence of a Pd(0) catalyst. Finally, PPV can also be synthesized by method C, where 
an A-B type difunctional monomer is self-coupled. 

Substituted-PPVs and a number of PPV copolymers have been synthesized, 
illustrated in Scheme 46, using the Heck reaction shown above [178-180]. Of 
these polymers both the phenyl- substituted PPV and the biphenylene vinylenes 
are soluble in organic solvents while the methyl-, trifluoromethyl-, nitro- and 
fluoro-substituted analogs displayed poor solubility. 
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Thermotropic liquid crystalline PP V derivatives 43 were prepared by the cou- 
pling of dihalodialkoxybenzene and divinylbenzene in the presence of a palladi- 
um catalyst, as outlined in Scheme 47 [133]. Polarized light microscopy, as a 
function of temperature, showed evidence of a nematically ordered structure in 
the material. X-ray diffraction analysis of the pristine polymers showed them to 
be semi-crystalline in nature, although the crystallinity of the polymer changed 
dramatically upon heating above 100 °C. 

The Heck reaction appears well-suited for the synthesis of PPV derivatives for 
nonlinear optical applications. In Scheme 48, a difunctional monomer 44, con- 
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X = radical , -COCH3, or -H 



Scheme 49 



taining an active NLO chromophore, is first synthesized using traditional 
Horner-Emmons chemistry and polymerized using standard Heck coupling 
conditions. 

Recently, the synthesis of polyradicals with a PPV backbone has been report- 
ed. Both 1,4- and 1,2-phenylenevinylenes, bearing phenoxy groups, were po- 
lymerized using the Heck reaction, and the structures of the PPV oligomers 45- 
47 are shown in Scheme 49 [181-183]. All of these materials were obtained as 
yellow powders, being soluble in common organic solvents. The acetylated phe- 
nols could be hydrolyzed with base and oxidized by Pb 02 to give radical species, 
as brownish/green powders. ESR spectra showed broad structure, suggesting 
that the spins were delocalized over two phenyl rings. 

7 

Polythiophenes 

7.1 

Introduction 

Polythiophenes (PTs) have received a great deal of attention due to their electri- 
cal properties, environmental stability in doped and undoped states, non-linear 
optical properties, and highly reversible redox switching [1]. Thiophene pos- 
sesses a rich synthetic flexibility, allowing for the use of several polymerization 
methods and the incorporation of various side chain functionalities. Thus, it is 
of no great surprise that PTs have become the most widely studied of all conju- 
gated polyheterocycles [184]. 

The polymerization of thiophene, to yield intractable polythiophene 48, was 
first carried out in a controlled manner in the early 1980s [185-188]. Even in 
such an unyielding form, this polymer displayed many promising optical and 
electronic properties. Unfortunately, its lack of processibility precluded further 
exploration of these attractive attributes. Since then, the synthesis of soluble pol- 
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Structure 48 




ythiophene analogs has been the impetus for a tremendous amount of work, and 
has motivated a significant number of technological advances in this area. Most 
goals have been aimed at developing new types of polymerization techniques to 
attain improved polymer yields, greater synthetic utility, and enhanced physical 
and electronic properties. 

As outlined earlier, three methods of polymerization have been established 
for the preparation of thiophenes, viz. electrochemical polymerization [189, 
190], oxidative chemical polymerization using Lewis acid catalysts such as FeCl 3 
[191, 192], and step-growth condensation polymerization using transition met- 
al-catalyzed coupling reactions [Ij]. 



7.2 

Lewis Acid-Induced Polymerizations 

The chemical oxidative polymerization of thiophene was initially reported using 
Lewis acid catalysts including FeCl 3 ,MoCl 5 , and RUCI 3 [191, 192]. Such Lewis ac- 
ids are readily available, and many are relatively inexpensive. Polymerization is 
quite facile using this methodology, performed by stirring monomer with excess 
oxidant. Many PTs, synthesized using FeCl 3 , boast relatively high molecular 
weights, in some cases much higher than the same polymers obtained using the 
more delicate cross-coupling reactions. Thus, it is not surprising that FeCl 3 -in- 
duced polymerization is now one of the most commonly used polymerization 
technique for the synthesis of poly thiophenes. 

However, this method is not without its drawbacks, which sometimes prove 
quite detrimental to polymer properties. Most notably is the occurrence of 
“coupling defects” along the Jt-backbone [193, 194]. The most conducting pol- 
ythiophene backbone consists exclusively of a-site linkages in a highly planar 
arrangement. With unsubstituted |3-sites present in the parent monomer, sig- 
nificant degrees of defective couplings occur at these positions during polym- 
erization, greatly disrupting the polymer's effective conjugation length. Under 
certain conditions, polythiophenes produced via the Lewis acid route have also 
been found to contain residual impurities from the polymerization agent. For 
example, while the Ce(S 04)2 or (NH 4 ) 2 Ce(N 03)5 oxidants have proven to rapid- 
ly polymerize 3,4-ethylenedioxythiophene, they also result in significant 
amounts of cerium-based residues in the final polymer [195]. Use of Ce(S 04)2 
and H 2 SO 4 (to help solubilize the oxidant) and long polymerization times yield- 
ed almost 45 wt% of cerium-based impurity. 
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7.3 

Transition Metal-Mediated Coupling Polymerization 

The chemistry of the various condensation polymerizations utilizing thiophene- 
based monomers is similar to that utilized in the synthesis of polyphenylenes, as 
discussed in Sect. 5. Coupling reactions including the Suzuki coupling [14], 
Stille coupling [12, 196], and Yamamoto reaction [Ij] have been successfully em- 
ployed for the synthesis of substituted PTs. (Detailed chemistry of these reac- 
tions was discussed earlier in this review, and so, the following section will con- 
centrate on new developments in the synthesis of PTs.) Two additional transition 
metal-mediated methods have been used to produce PTs and deserve attention 
here. The first is an extension of the Ullmann coupling reaction [197, 198]. This 
polymerization, shown in Scheme 50, utilizes copper powder and dihalide mon- 
omer [199]. This coupling methodology is an attractive alternative for the po- 
lymerization of heterocycles bearing strongly electron-withdrawing groups as 
they generally tend to enhance the reaction. 

The remaining polymerization route involves zero-valent nickel complexes 
and dihalide monomers. Variations of this route most often arise where different 
sources or regeneration methods of the active nickel species are utilized [82, 199, 
200-204]. A typical example is shown below in Scheme 51 in which poly(3-phe- 
nylthiophene) 50 is synthesized from the parent 2,5-dichlorothiophene. As with 
the Ullmann reaction, polymerization appears to be most compatible with ring 
systems containing electron-withdrawing substituents. 

While these polymerizations are generally more involved than chemical or 
electrochemical oxidative methods, well-defined monomers and highly selec- 
tive transition metal catalysts yield polymers virtually free of |3-coupling de- 
fects. Hence, the ability to obtain structurally superior materials has greatly 
fueled the search for optimized condensation reactions. 
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7.4 

Poly(alkylthiophenes) 

With the realization of the attractive properties of polythiophene, a worldwide 
crusade in search of soluble analogs began. A soluble version was synthesized in 
1986 that utilized repeat units bearing alkyl groups at the 3-position [205-208]. 
Since the report of these early poly(3-alkylthiophene)'s (P3AT), a large number 
of substituted polythiophenes have been synthesized incorporating solubilizing 
groups at the 3- or 3,4-positions. 

Alkyl or aryl thiophenes 51 are typically synthesized “Kumada style” by the 
coupling of an alkyl or aryl Grignard reagent in a nickel(II) -catalyzed cross-cou- 
pling reaction with 3-bromothiophene as shown in Scheme 52 [209]. These sub- 
stituted thiophenes can then be further funtionalized for polymerization utiliz- 
ing standard organic methodologies (i.e. halogenation, stannylation, etc.). [210] 

PATs containing alkyl groups with lengths ranging from methyl to cetyl groups 
have been synthesized. When the alkyl chain is longer than butyl, it affords pol- 
ymers soluble in common organic solvents (i.e. tetrahydrofuran, chloroform, 
dichloromethane, trichloroethane and toluene). Synthesis of PTs functionalized 
with branched alkyls[211, 212], alkyl ethers,[213-216] esters [199, 203, 216- 
219],perfluorinated alkyls [220-223], chiral [205, 224], aryls [204,225,226], and 
self-doping sulfonate [227-230] groups have been reported. 

While the incorporation of these solublizing groups at the 3-position has 
yielded PTs that have surmounted the intractability issue and also contain fewer 
|3-defects, such substitution of the thiophene core necessarily results in the loss 
of ring symmetry. With these functionalized monomers, two different types of 
a-linkages now exist since the 2- and 5-positions are no longer equivalent [231, 
232]. 

Head-to-tail (HT) linkages are formed upon coupling of the 2-position of one 
monomer to the 5-position of another. Analogously, head-to-head (HH) or tail- 
to-tail (TT) linkages are formed due to 2-, 2’- or 5-, 5'-couplings, respectively. 
The matter gets much more complicated when a triad is considered where, as 
shown in Scheme 53, four possible coupling schemes can occur. Side chain inter- 
actions in the non-HT-HT-coupled units induce twisting in the polythiophene 
backbone and disrupt the conjugation of the polymer’s extended Jt-system. 

Several attempts have been made to identify the regioregularity in poly(3- 
alkylthiophenes) synthesized using conventional methods, and to optimize the 
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reaction conditions to obtain the maximum composition of head-to-tail linkag- 
es. Regioregularity in poly(3-hexylthiophene), synthesized by the cross-cou- 
pling of the di-Grignard of 2,5-diiodothiophene, has been studied in detail 
[233]. When 2,5-diiodothiophene was treated with Mg metal (1:1 molar ratio) as 
indicated in Scheme 54, the reaction mixture contained approximately 43% di- 
Grignard 52, 23% mono-Grignard 53 and 34% of unreacted diiodomonomer 54. 
Polymerization of this reaction mixture afforded polymers of relatively low mo- 
lecular weight (Mj^ -1800 g/mol) highlighting the complications associated with 
controlled Grignard formation. When 1.2 equivalents of Mg per iodo group were 
used in a Yamamoto polymerization of 2,5-diiodo-3-(alkyl)thiophene, the poly- 
mer obtained consisted of 35% HT-HT coupling, whereas 0.6 equivalents of Mg 
per iodo group resulted in 58% HT-HT coupling [235]. However, the same poly- 
mer synthesized via a FeCl 3 polymerization using the unhalogenated monomer 
was found to contain more than 80% HT-HT coupling. 

Early studies showed that polymers possessing some regiospecificity exhibit 
improved electrical and magnetic properties when compared to random poly- 
thiophenes [234]. In this instance, P3ATs 56 were synthesized by polymerization 
of 3,3’-dialkyl-2,2’-bithiophene 55 as shown in Scheme 55. Polymerization either 
electrochemically or via Lewis acid yielded predominantly HH-coupled poly- 
mers whose absorption maxima blue shifted -90 nm for 3,3'-dimethyl-2,2'- 
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bithiophene and -110 nm for 3,3’-dihexyl-2,2'-bithiophene compared to that of 
normal poly(3-alkyl thiophenes). 

7.5 

Regioregular Polythiophenes 

Several attempts have been made toward the synthesis of exclusively regioregu- 
lar PTs using substituted bithiophene and terthiophene monomers. These multi- 
ring monomers can be synthesized using typical coupling chemistry as shown 
in Scheme 56. Polymerization of HH 57 or HT 58 coupled bithiophenes gives rise 
to some degree of regioregularity in the polymer, but the resulting materials still 
leave room for vast improvements. 

Utilizing extremely controlled reaction conditions, the synthesis of regioselec- 
tive poly(3-(4-octylphenyl) thiophene) 59 was reported using a FeCl 3 -induced ox- 
idative polymerization [236]. In this instance, highly regioregular 59 was synthe- 
sized by slow addition of FeCl 3 into the monomer solution. The resulting polymer 
was extracted with diethyl ether to remove irregular polymer with the resultant 
ether insoluble fraction consisting of highly regioregular polymer 59. Compari- 
son of the NMR spectra of the ether-soluble and -insoluble fractions indicated 

that ether-insoluble fractions had approximately 94% HT-HT coupling compared 
to the ether-soluble sample's 77% HT-HT constitution. However, the regiospecific 
nature of this method is quite sensitive to polymerization conditions. An increase 
in FeCl 3 concentration resulted in the loss of regioselectivity, indicating that for- 
mation of regioregular poly(3-phenyloctyl thiophene) is a function of oxidant 
concentration. Furthermore, only monomers containing a phenyloctyl side chain 
exhibited a high HT-HT-coupled composition while other regioselective polythi- 
ophene derivatives were not obtainable by slow FeCl 3 addition. 
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Scheme 57 



These studies helped to show the superior nature of materials containing high 
degrees of HT-HT couplings and clearly demonstrated the need for general re- 
gioselective polymerizations. However, obtaining such routes proved to be a ma- 
jor obstacle in the quest for optimized polymeric systems. For example, oxida- 
tive polymerization using FeCl 3 typically results in the formation of less than 
80% of the desired HT-HT-linkages, and while electrochemical polymerization 
can show somewhat high selectivities under certain conditions, the correspond- 
ing polymers still contained significantly high levels of defective couplings [190, 
230, 231, 237-239]. While the ratio of HT- to HH-linkages varied with reaction 
conditions and nature of the R-group, standard methodologies did not yield the 
sought after, exclusively HT-HT-coupled polymer. 

Two different avenues have been pursued leading toward the synthesis of 
highly regioregular polythiophenes (>98% HT-HT). The first regioregular 
P3ATs 61 synthesized were comprised of nearly 100% HT-HT couplings using 
the Grignard reagent of 60 [216, 238, 240]. This route, shown in Scheme 57, has 
become known as the McCullough method, and utilizes exclusive bromination 
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Scheme 58 



at the 2-position of the 3-alkylthiophene precursor, selective lithiation at the 5- 
position with LDA followed by trapping with MgBr 2 *OEt 2 , and polymerization 
via a nickel catalyst. The stability of the A-B difunctional monomer against 
scrambling allows for precise control of coupling. 

In the second method, activated zinc is employed for the synthesis of regioreg- 
ular P3ATs [241-244]. This procedure is illustrated in Scheme 58 and revolves 
around the selectivity of Reike zinc addition followed by Ni(0)- or Pd(0)-cata- 
lyzed cross-coupling polymerization. Catalyst selection has been shown to play a 
major role in this coupling scheme. For example, Pd(PPh 3)4 was determined to 
be the most effective catalyst for the coupling of iodozinc compounds, whereas 
Ni(dppe)Cl 2 proved superior in conjunction with bromozinc monomers. 

Both and NMR spectroscopies are perhaps the best tools for the detec- 
tion of HH- and HT-couplings. The NMR spectra of P3ATs, possessing purely 
regiorandom constitutions, show the presence of four peaks in the aromatic re- 
gion [231, 232], whereas P3ATs, containing exclusively HT-linkages, display a 
single peak at approximately 7.0 ppm [240]. Accordingly, the NMR spectra 
of P3ATs formed solely from HT-couplings contain only four aromatic signals, 
while polythiophene synthesized using FeClg shows the presence of more than 
16 signals attributable to the four possible coupling types. 

Not surprisingly, the electrical and optical properties of regioregular PTs dif- 
fer greatly from their regiorandom counterparts [240, 241]. For example, the op- 
tical band gap of regioregular poly(3-butylthiophene) is 1.7 eV, whereas that of 
random poly(3-butylthiophene) is 2.1 eV. The electrical conductivities of I 2 - 
doped films of regioregular poly(3-butylthiophene) have been reported as high 
as 1350 S cm"^ while that of random poly(3-butylthiophene) exhibited a maxi- 
mum of 5 S cm"k The of the absorbance and emission spectra both exhibit 
red shifts of 20 nm in the case of regioregular poly(3-butylthiophene), indicating 
a greater effective conjugation length in the regioregular systems. 

7.6 

Poly(3,4-ethylenedioxythiophene) (PEDOT) and Derivatives 

In order to increase the electron-rich character of monomer and polymer, lead- 
ing to reduced oxidation potentials and lower band gaps, researchers at Bayer 
AG have developed PEDOT [245-248]. By appending the electron donating di- 
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Fc (ni)/H20 
NaPSS 

EDOT 

Scheme 59 

oxyethane bridge across the 3,4 positions, sufficient HOMO raising is effected 
and polymerization is forced to occur through the open 2,5-positions yielding a 
linear, highly conjugated polymer. Prepared as an aqueous dispersion with po- 
ly( styrene sulfonate) dopant as shown in Scheme 59, PEDOT-PSS has become 
the most commercially successful of the conducting polymers. As a relatively 
low band gap (Eg=1.6 eV) polymer, the conducting form of PEDOT is quite 
transmissive to visible light and highly conductive (200 S cm”^), allowing it to be 
used as an anti-stat coating in the photographic film industry [249-251]. 

A number of new polymerizable derivatives based on substituted EDOT, or 
molecules containing EDOT as the polymerizable unit in a multi-ring monomer, 
have been prepared by our group, and others. In this manner, organic soluble 
PEDOTs [252], water-soluble PEDOTs [253], high contrast electrochromic PE- 
DOTs [254-256] , and multi-color, variable band gap polymers have been devel- 
oped [257-262]. Due to the ease of synthetic derivatization, polymerizability by 
both chemical and electrochemical methods, high stability of the oxidized con- 
ducting form, facility for redox switching, and ability to control optoelectronic 
properties in general, the PEDOT-based polymers provide significant opportu- 
nity for the future. 

8 

Polypyrroles 

Comparable to thiophene, pyrrole is a five-membered heterocycle, yet the ring 
nitrogen results in a molecule with distinctly different behavior and a far greater 
tendency to polymerize oxidatively. The first report of the synthesis of polypyr- 
role (PPy) 62 that alluded to its electrically conductive nature was published in 
1968 [263]. This early material was obtained via electrochemical polymerization 
and was carried out in 0.1 N sulfuric acid to produce a black film. Since then, a 
number of improvements, which have resulted from in-depth solvent and elec- 
trolyte studies, have made the electrochemical synthesis of PPy the most widely 
employed method [264-266]. The properties of electro synthesized PPy are quite 
sensitive to the electrochemical environment in which it is obtained. The use of 
various electrolytes yield materials with pronounced differences in conductivi- 
ty, film morphology, and overall performance [267-270]. Furthermore, the wa- 
ter solubility of pyrrole allows aqueous electrochemistry [271], which is of 
prime importance for biological applications [272]. 
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Scheme 60 



PPy is also obtained by the treatment of pyrrole with chemical oxidants, often 
in the presence of charge-compensating dopant anions [273, 274]. Relative to PT, 
only a small body of research has addressed the chemical polymerization of pyr- 
role [275-277] . However, the more readily oxidized pyrrole moiety allows for the 
use of less stringent conditions than are required for PT synthesis [276, 278]. 
(This same characteristic also results in PPy being prone to degradative overox- 
idation [279].) Substitution of the pyrrole nitrogen affords soluble PPy deriva- 
tives bearing a variety of functionalities [280, 281]. Unfortunately, derivatization 
in the N-position creates detrimental steric interactions with adjacent rings, re- 
sulting in a substantial decrease in conducting properties [267]. 

While electrochemical syntheses and, to a lesser extent, chemical oxidant 
routes have provided many interesting materials, direct chemical polymeriza- 
tion to well-characterized polymers has been more limited. In an analogous 
manner to thiophene, efforts have been made to synthesize 3-substituted pyr- 
role monomers [273, 274, 282-286]. The syntheses in this case are somewhat 
more tedious, requiring initial protection of the pyrrole nitrogen (with groups 
such as tosylates or tert-butoxy carbonyl, BOC) and subsequent removal of the 
protecting group after functionalization. The ease of oxidation of pyrrole can 
make many of these synthetic manipulations difficult as reaction with impuri- 
ties prior to, and during purification can result in a dark tar known as “pyrrole 
black”. However, it has been shown that 3-substituted PPys display significantly 
improved properties over their N-substituted analogs. 

PPys synthesized by both oxidative routes are also subject to coupling defects, 
which drastically reduce sought after properties. To circumvent this problem, 
transition metal-mediated polymerizations have been explored. Once again, the 
synthetic inflexibility of the pyrrole moiety has proven to be a formidable obsta- 
cle in obtaining such materials. The Stifle coupling scheme [12], shown in 
Scheme 60, has been used to prepare a BOC-substitued PPy 63 with the protect- 
ing group subsequently removed by thermolytic treatment to yield unsubstitut- 
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Scheme 62 



ed-Ppy [287, 288]. Materials obtained in this manner were of modest molecular 
weight (ca. 1 6 repeat units), but they have been shown to be structurally well-de- 
fined containing exclusively 2,5-linkages. 

The polymerization of a protected pyrrole has been reported based upon the 
Ullman coupling reaction [215, 216,289]. As illustrated in Scheme 61, the 2,5-di- 
bromo-AT-BOC-protected monomer was treated with CuCl followed by subse- 
quent thermolysis to yield materials similar to those prepared in Scheme 60. 
Fractionation via HPLC made it possible to separate and characterize pyrrole ol- 
igomers up to n=20. 

This coupling methodology was subsequently utilized to prepare zwitterionic- 
PPy 64 that possessed a remarkably low solution band gap of 1.1 eV [272]. Their 
strategy, depicted in Scheme 62, included a copper-bronze-promoted polymeri- 
zation to afford polymer 64, exhibiting an of ca. 5000 g/mol relative to poly- 
styrene. While this material was reported to be an intrinsic semiconductor, it 
showed interesting pH-dependent changes in the electronic absorption spectra. 

It is evident from the properties accessible that PPys may prove to be very use- 
ful materials in the future. To date, the synthetic difficulties encountered have 
thwarted progress and made processible and well-characterized, high molecular 
weight systems largely untenable. Future breakthroughs are required in this area 
to overcome these obstacles. 

9 

Polyaniline 

Polyaniline (PANI) is perhaps the oldest of the conducting polymers. References 
dating back to 1 862 can be found describing a material known as “aniline black” 
[291]. A few reports surfaced on PANI in the 1960s [292-294], most notably a 
study investigating the effects of acids on PANIs conductivity [295], but it was 
not until the 1980s that its electrically conducting properties became fully ap- 
preciated [296]. PANI has become an extremely well-studied CP owing to its low 
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cost and remarkable stability under a variety of conditions [297, 298]. This has 
resulted in PANI being the conjugated polymer of choice for many technological 
applications and has led to its development as a commercial product. There are 
several forms of PANI, and these are shown in Fig. 3. Green and Woodhead first 
documented and named these various oxidation states, and their nomenclature 
continues to be used today [299, 300]. 

PANI is unique in that its most oxidized state, the pernigraniline form (which 
can be accessed reversibly), is not conducting. In fact, it is the intermediately ox- 
idized emeraldine base that exhibits the highest electrical conductivity. “Proton- 
ic Acid Doping” is the most general means by which to obtain this partially pro- 
tonated form of PANI [301]. Exposure of the emeraldine salt to alkali solutions 
reverses this process and brings a return to the insulating state. 

Both electrochemical and chemical oxidative routes are most often utilized 
for the synthesis of PANI. In an interesting departure from the oxidative route, 
poly(phenylene amine imine) was prepared via a conventional condensation po- 
lymerization, as illustrated in Scheme 63 [302, 303]. Comparison of this struc- 
turally well-characterized polymer with oxidatively prepared PANI allowed con- 
firmation of the PANI structure. However, the structure of PANI produced by 
electrochemical means is less understood. 

Electropolymerization in acidic media affords free-standing films that are be- 
lieved to contain varying degrees of cross-linking [267, 292, 304]. The miscibility 
of aniline with water allows for a variety of aqueous oxidants, such as ammoni- 
um peroxydisulfate, to be used [305]. Chemical polymerization of aniline can 
also be performed in chloroform through the use of tetrabutyl ammonium peri- 
odate [306]. Accordingly, a number of alkyl [301] and alkoxy- substituted [307] 
aniline derivatives have been chemically polymerized. Unfortunately, function- 
alization of the aniline nucleus often leads to a decrease in performance in the 
resulting polymers [308,309]. 

As with PPy, synthetic limitations have greatly limited the development of new 
PANI derivatives. The fruition of new, non-oxidative routes leading to PANI 
would, unquestionably, create an entirely new realm of possibilities. Furthermore, 
the ability to engineer enhanced functionality into the PANI nucleus without con- 
comitant loss in polymer properties also represents a monumental task that, when 
accomplished, could help propel PANI to an even higher level of importance. 




Scheme 63 
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10 

New Vistas 

This last section contains a broad collection of examples of CPs in order to in- 
troduce the reader to some of the possibilities that are afforded by a conjugated 
architecture. While some polymers have been known for many years (and are 
presented here because they do not belong to one particular class of CPs), others 
are quite new ventures, representing the vanguards of the field. Unfortunately, to 
mention each worthy new development would require far more space than is af- 
forded in this already lengthy review, and so, only a few selected highlights and 
“hot areas” can be included. 

10.1 

Copolymers 

The synthesis of conjugated materials from the polymerization of two monomer 
types to yield conducting copolymers has received tremendous attention over 
the years [310]. This material class is particularly well-suited for tuning the op- 
toelectronic properties of conjugated polymers through the use of components 
possessing a broad range of electron densities. When transition metal-mediated 
routes are selected, copolymers can be synthesized with well-defined structures 
affording a variety of properties not available with their parent homopolymers. 

The arylene-vinylene systems include a vast array of hybrid systems owing to 
their synthesis from classical organic means [311-314]. However, new systems 
continue to surface that are not viable other than from non-transition metal-me- 
diated pathways. Just a few of the many examples obtained from the various syn- 
thetic routes mentioned previously in the PPV section are depicted below in 
Scheme 64. 




Scheme 64 
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A plethora of copolymers have been synthesized using many of the other 
cross-coupling reactions used in earlier sections [310]. Some of the more prom- 
inent structure types are shown above in Scheme 65 [315-320]. The possibilities 
for new Jt-conjugated copolymers seem endless as a huge combination of mon- 
omers can be coupled, being restricted only by polymerization-compatible 
functional groups. 

10.2 

Conjugated Oligomers 

The interest in conjugated oligomers of discrete length as both model com- 
pounds and device components continues to grow [321]. Reports in the litera- 
ture can be found documenting the synthesis of oligoanilines [302], -phenylenes 
[322], -pyrroles [323-326], and -thiophenes [327-331]. Oligothiophenes are un- 
doubtedly the flagship example when addressing conjugated oligomers. The 
methods of preparation of these discreet molecules are very similar to those 
routes discussed in the previous sections with the transition metal-mediated 
couplings being the most widely employed. As one would expect, the properties 
of an oligomer is greatly a function of length. Oligothiophenes of up to six rings 
have been shown to polymerize with longer species being less reactive [332]. 
Likewise, it has also been shown that oligothiophenes containing 11 or more 
rings exhibit electronic properties in the range of PT [333, 334]. 

10.3 

Cyclization of Prepolymers 

As utilized in the synthesis of PPV-based polymers, soluble precursor routes 
have been developed for the synthesis of various heterocyclic jt-conjugated pol- 
ymers. The two most widely employed of these methods for heterocycle forma- 
tion, shown in Scheme 66, center around ring closure of pre-polymers contain- 
ing diacetylene 65 or 1,4-diketone units 66 [335-339]. The synthesis of heterocy- 
clic structures from 1,4-diketones has been a known transformation in organic 
chemistry for decades. While once mainly used for monomer preparation 
through various cyclizations, it is now being employed to make hetero cycle-con- 
taining polymers and copolymers [340-342]. 
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Scheme 66 



Scheme 67 




10.4 

Silole Systems 

Interest in silole-containing conjugated materials continues in hopes of exploit- 
ing the unique electronic properties of the silole ring (an unusually low-lying 
LUMO) for the development of novel systems. Recent advances regarding the 
synthesis of silole-containing polymers 67 and copolymers 68 have made these 
materials more accessible [343-346]. While inital work centered around the re- 
ductive cyclization/silylation of diynes [347], the synthesis of halogenated and 
stannylated silole monomers for use in typical transition metal-catalyzed cross- 
coupling reactions provides building blocks for a broad family of materials. Ac- 
cordingly, a variety of silole-thiophene co-oligomers and copolymers have been 
synthesized, some of which are shown above in Scheme 67. 

10.5 

Transition Metal-Containing CPs 

Metal- containing polymers, in which the metal is coordinated to the polymer 
chain, are interesting from the standpoint that the conjugated backbone can 
help stabilize redox activity, affording a continuum of accessible states. The very 
nature of these materials suggests an array of potential uses (e.g., electro-catal- 
ysis, electrochromic displays, and molecular recognition). There are many ex- 
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amples of Jt-conjugated polymers in the literature that possess pendant metal 
centers, attached to the backbone by insulating tethers [348]. For the most part 
metal/polymer interactions in these systems are inherently weak. To reap the 
greatest rewards of a transition metal/conjugated polymer hybrid, the ideal 
structure would have the metal centers directly affixed to, and in direct electron- 
ic communication with, the polymer backbone. As yet, there are still only a few 
reported examples of conducting and electroactive polymers where metal cent- 
ers are in conjugation with the polymer’s Jt-system. All of these systems possess 
metal centers coordinated to bidentate, nitrogen-containing, heterocyclic units 
(2,2’-bithiazole, 2,2'-bipyridyl, or Schiff base) incorporated into the polymer 
backbone. While the number of examples are few, these preliminary efforts have 
already shown the broad flexibility that metal coordination can impart to tradi- 
tional organic systems. 

Such design concepts were first reported utilizing 2,2'-bithiazole and 2,2’-bi- 
pyridine units, respectively, as postpolymerization metal coordination sites 
[349, 350]. Subsequently, a poly(p-phenylenevinylene)-based polymer 69 con- 
taining ionic ruthenium centers bound to bipyridyl (BPY) units incorporated 
into the polymer backbone was reported. This system, depicted in Scheme 68, 
exhibits enhanced photoconductivity relative to the parent organic polymer 
[351] (Yu). 

Recently, metal/polymer complexation has been utilized as a means to polyr- 
otaxane formation via a Sauvage-type [352] template effect [353, 354]. An ele- 
gant study showing the sensitivity of a bipyridine-containing, pseudo-poly(phe- 
nylenevinylene) system capable of complexing various metal ions followed 
[355]. In this work, conformational changes of the polymer, which are associat- 
ed with the coordination of the metal ions, afforded a system that can toggle be- 
tween its conjugated and nonconjugated forms. 

Our group has recently become interested in these novel systems from an elec- 
trochromic and sensor standpoint. Our polymers are centered around bis(sali- 
cylidene)thienyl cores that can undergo site-directed electro-polymerization to 




Scheme 68 
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Scheme 69 



yield phenylene- or thienylene-linked polymers [356, 357]. Recently, we have de- 
veloped crown ether-containing analogues 70, shown in Scheme 69, affording 
polymers capable of coordinating/sensing hard and soft metal ions, as well as 
neutral organic molecules [358]. 

11 

Perspectives 

As can be evidenced from this article, a tremendous amount of effort has served 
to provide a number of quantum leaps in the field of Jt-conjugated polymers. In 
fact, such a retrospective look at the synthetic advancements that have occurred 
in the past two decades might leave one with a better appreciation of the scien- 
tific method. Indeed, we have come a long way since the first reports of those 
mysterious and intractable black powders. The synthesis of well-charcterized 
soluble/processible materials with controlled properties has become routine. 
Application technology has also grown in leaps and bounds affording tangible 
evidence as to the potential that lies in this field. It is truly exciting to think of 
what the next 20 years may bring. 
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The pyrrolidimium structure resulting from the cyclopolymerization of the water soluble 
monomer diallyidimethylammonium chloride is present in a variety of advanced polymer- 
ic materials. These materials range from water soluble polyelectrolytes to highly ordered 
solids. Applied research on diallyidimethylammonium chloride has been performed in or- 
der to optimize the monomer and polymer syntheses, characterize the polymers produced, 
improve the material properties as well as the applied technologies, and to develop new 
products. In addition, fundamental research has included the study of polyelectrolyte be- 
havior of diallyidimethylammonium chloride polymers in solution. This article compre- 
hensively reviews the work on diallyidimethylammonium chloride summarizing the cur- 
rent knowledge and recent progress in the field of kinetics and mechanism of homo- and 
copolymer syntheses, chemical structures, polyelectrolyte behavior in solution, molecular 
characterization, and interactions in solution and at interfaces. In particular, peculiarities 
of the syntheses and characterization resulting from polyelectrolyte influences are dis- 
cussed in detail, A variety of current and emerging applications are presented. 
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AAM 

ADMA 

AOT 
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dimethylamine 
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Lp persistence length 

I 3 Bjerrum length 

Id Debye length 

M monomer 

Mj^ number- average molar mass 

weight-average molar mass 
z-average molar mass 
Avogadros’ number 
cyclized polymer radical 
Rj initiation rate 

Rg radius of gyration 

Rp overall polymerization rate 

Rj termination rate 

r^ reactivity ratio of the monomer X 

T| viscosity 

[ri] intrinsic viscosity 

K specific conductance 

A equivalent conductivity 

A ° equivalent conductivity at infinite dilution 

^max maximum equivalent conductivity 

Xx equivalent conductivity of the ion X 

X \ equivalent conductivity of the ion X at infinite dilution 

^ charge density parameter (Manning parameter) 

1 

Introduction 

The past five decades have been characterized by the rapid developments in the 
field of macromolecular chemistry. This has led, as is well known, to a broader 
application of synthetic polymeric materials. Due to the increasing require- 
ments of environmental and health protection, processes and applications in- 
volving water treatment have become more regulated. Therefore, the develop- 
ment of technologies for water treatment and waste water processing has be- 
come necessary for the protection of the aqueous resources. One group of spe- 
cialty polymers which has become significant, due to the development of auxil- 
iary materials, additives and finishing components, are the synthetic anionic, 
cationic and ampholytic water soluble polymers or polyelectrolytes. Among 
these, polymeric quaternary ammonium compounds have historically been the 
most important and extensively used cationic polyelectrolytes. The first quater- 
nary ammonium polymers of technical interest were synthesized from diallyl- 
dimethylammonium chloride (DADMAC) [1-4]. Although the polymer was first 
prepared in the 1950s [5], and the kinetics and mechanism of the polymerization 
process [6-16] as well as the structure of the resulting polyelectrolytes were elu- 
cidated in the eighties [17-19], interest in research on poly(diallyldimethylam- 
monium chloride) (PDADMAC) has not diminished. On one hand, this is based 
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on its unique chemical structure and on the other hand on its versatile applica- 
bility [1, 2, 15, 20-27]. PDADMAC possesses a backbone of cyclic units resulting 
from the special cyclopolymerization of DADMAC [1,3]. Additionally, the high- 
ly hydrophilic permanently charged quaternary ammonium groups provide the 
polymer with a high water solubility and solution properties correspond to 
those of strong polyelectrolytes [27, 28]. It should be mentioned that it was the 
first polymer to be approved by the U.S. Food and Drug Administration for the 
use in potable water treatment [29]. Although the primary industrial applica- 
tions remain in flocculation, dewatering, coagulation, retention, flotation and 
similar separation processes, other emerging applications have been reported in 
recent years. These will be detailed in Sect. 8. Furthermore, new materials have 
been produced via copolymerization with ionic or nonionic monomers. The 
syntheses of new structures and their broad use has strongly influenced the de- 
velopment and improvement of characterization methods as well as the basic in- 
vestigation of the physical solution properties of these polyelectrolytes. 

This article will summarize results and information derived from basic and 
applied research on DADMAC and its polymers. Contrarily to other specific 
publications, this review will include discussions of the synthesis, chemical 
structure, molecular characterization, polyelectrolyte behavior, complex forma- 
tion, and applications. It will be shown that the real solution behavior of poly- 
electrolytes cannot be investigated separately from their chemical structure and 
that it is essential to study synthesis and characterization of polyelectrolytes 
along with their physico-chemical properties. 

2 

The Diallyldimethylammonium Chloride Monomer 
2.1 

Syntheses 

Diallyldimethylammonium chloride is exclusively synthesized from dimethyl- 
amine (DMA) and allylchloride, although other methods, such as the synthesis 
starting with diallyl amino cyanide, have been elaborated [2]. From the DMA 
process monomers varying in quality are produced. Therefore, the selection of 
the monomer synthesis procedure primarily depends on the desired purity of 
the final product. Generally, three qualities of DADMAC can be produced: 

- solid diallyldimethylammonium chloride 

- purified aqueous monomer solutions without sodium chloride 

- aqueous monomer solutions containing sodium chloride 

Solid DADMAC is synthesized from dimethylamine and allylchloride by a two 
step process (Fig. 1). The first step is the alkylation of dimethylamine with al- 
lylchloride in an aqueous alkaline medium. This step is followed by a quaterni- 
zation in an organic medium again with allylchloride [30-32]. To prepare the 
pure solid the separation and purification of the intermediate product allyld- 
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1) Synthesis of allyidimethylamine 

CH3 \ + NaOH CH3 \ 

NH + CICH2-CH = CH2 ► N-CH2-CH = CH2 

CH3 / - NaCI CH3 / 

- H2O 



2) Quaternization of allyidimethyiamine 

CH3 \ CH3 \ / CH2 - CH = CH2 

N-CH2-CH = CH2 + CICH2-CH = CH2 p N + 

CH3 ^ CH3 ^ CH2 - CH = CH3 

Fig.1 . Two step synthesis of diallyldimethylammonium chloride 



imethylamine (ADMA) is necessary prior to quaternization [30-32], Figure 2 
shows the details of the synthesis of pure solid DADMAC. 

The technical synthesis is normally carried out via a twofold alkylation of 
dimethylamine with allylchloride in aqueous alkaline medium [2, 33, 34], Fol- 
lowing purification this results in polymerizable monomer solutions. The extent 
of the purification determines the final monomer concentration and the residual 
content of sodium chloride. Normally, the monomer concentration of the result- 
ing solutions is between 50 and 70% [2]. Depending on the purity of the raw ma- 
terials and the reaction conditions the technical monomer solutions can contain 
small amounts of, for example, ADMA, diallymethylamine (DAMA), or methyl- 
triallylammomium chloride (MTAAC) [35]. 

While DADMAC is primarily employed in homo- and copolymerization as a 
monomer to produce cationic or amphoteric polymers or gels, it is also a source 
for the synthesis of sulfobetains or sulfobetains with additional anionic groups 
by sulfocyclization, sulfocyclosulfonation, or sulfocyclosulfination [36]. Figure 3 
summarizes these reactions. 

The melting point of DADMAC was found to be 151-152.5 °C [32]. The crys- 
talline product is very hygroscopic and soluble in water, alcohols, acetone, 1 -me- 
thyl-2 -pyrrolidone, tetramethyl urea, or dimethylformamide. ^H-NMR analysis 
of the pure DADMAC shows the following signals: s 6.93 (N-CH 3 ); d 6.05 {N- 
CH 2 -); m 3.53-4.50 (-CH=CH 2 ) ppm [32]. 
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DMA 

40% aqueous solution 
(pH indicator) 



Cooling (T < lO^C) 



Heating 

(refluj^_ _ 



Destination 

Drying 

Filtration 

Heating 

Destination 



Allylchloride 



NaOH 



H 2 O, NaCl, 
pH indicator 



raw 

ADMA 



Na2S04 



Na2S04, H 2 O 



raw 

ADMA 



ADMA 



Dissolution 



ADMA 

in Acetone 



Cooling (T < 30°C) 



Allylchloride 



DADMAC 

Acetone 



Filtration 



« Acetone 



raw 

DADMAC 



Recrystallization 

Filtration 



Acetone, i-Propanole 



Acetone, i-Propanole, impurities 



DADMAC ~| 



Fig. 2. Procedure for the synthesis of highly purified diallyldimethylammonium chloride. 
(DMA - dimethylamine, ADMA - allyldimethylamine) 
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( 1 ) 



( 2 ) 



(3) 



Fig. 3. Synthesis of sulfobetaines from diallyldimethylammonium chloride [36] (1: Sulfocy- 
clization, 2: Sulfocyclosulfonation, 3: Sulfocyclosulfination) 



2.2 

Solution Properties 
Density and Viscosity 

The concentration dependence of both the density and the viscosity of the aque- 
ous monomer solutions show an unusual curvature as indicated in Figs.4 and 5. 

In contrast to NaCl or tetramethylammonium bromide, also shown in Fig. 4, 
the concentration dependence of the density is less marked. However, the slopes 
of the density curves measured at 20 °C and 35 °C for DADMAC increase with the 
concentration. This indicates a change of the interaction with water is likely caused 
by the formation of ordered structures such as associates [32, 37]. The greatest 
change of the slope is located at approximately 1.5 mol L"k The influence of this 
monomer structure formation on the polymerization behavior will be discussed 
in Sect. 4. The non-linear concentration dependence of the viscosity is illustrated 
in Fig. 5. Here, a strong increase of this solution parameter is observed at approx- 
imately 1.5 mol L"^ indicating a change of intermolecular interactions [32, 37]. 



Electrochemical Solution Properties 

The concentration dependencies of both the equivalent conductivity (A) and the 
chloride ion activity coefficient (4) of the monomer DADMAC are not different 
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concentration mol L'^ 



Fig. 4, Comparison of the concentration dependencies of the densities of aqueous salt solu- 
tions and DADMAC solutions (x NaCl, T=20 °C; O tetramethylammonium bromide, 
T=20°C; ■ diallyidimethylammonium chloride, T=20 °C; • diallyidimethylammonium 
chloride, T=35 °C) (Data taken from [32]) 




concentration mol L'^ 



Fig. 5. Concentration dependence of the viscosity of the aqueous DADMAC solutions 
(T=35 X) (Data taken from [32]) 



from those of the strong NaCl electrolyte. The chloride ion activity reaches a val- 
ue of 1.0 at high dilutions [38]. This confirms that the quaternary ammonium 
group is a strong electrolyte. From conductivity measurements for DADMAC at 
25 °C a limiting equivalent conductivity of A°=l 1 1.1 S’cm^*mol“^ was calculated 
[38]. Assuming complete dissociation and taking the limiting equivalent con- 
ductivity of the chloride ion (X °chloride”^^’^l Sxm^*mol“^) from [39], a value of 
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Table 1. Limiting equivalent conductivities ( "k °(.ation 
(T=25 °C) 


) of quaternary ammonium ions [39] 


Ion 


Structure 


^ “cation [S-cm^-mol-*] 


ammonium 


H4N-" 


73.6 


tetramethyl ammonium 


C4Hi2N-" 


44.9 


diallydimethylammonium 


C8Hi«N+ 


34.8 


tetraethyl ammonium 


CsH2oN+ 


32.7 


tetrapropyl ammonium 


C 12 H 28 N+ 


23.4 


tetrabutylammonium 


C 16 H 36 N+ 


19,5 



X °cation“^4.8 S'cm^*mol"^ was obtained for the cation Data in Table 1 

show that this limiting equivalent conductivity fits onto a single line with those 
of the other quaternary ammonium salts of the homologues series. 

In Sect. 5 the concentration dependencies of A and f^ will be used for a com- 
parison with curves determined from dilute polymer solutions. Therefore, they 
are given together with the polymer data in Figs. 14 and 18 of Sect. 5. 

3 

Poly (diallyldimethylammonium chloride) Structures 
3.1 

Homopoiymers 

Following the findings of Butler et al. [5], that diallyl quaternary ammonium hal- 
ides form water soluble polymers, the structures of polymers produced via a 
ring-closing mechanism have been the subject of intensive research. A cyclic 
structure was elucidated and the mechanism was defined as an alternating intra- 
intermolecular chain propagation, later termed “cyclopolymerization” [3]. 
Based on the general scheme presented in Fig. 6 the chemical structure of 
PDADMAC is determined by 

- the ring size of the cyclic units 

- portions of cyclic and linear structure units 

- extent of branching or crosslinking resulting from the reaction of the pendent 
double bond. 

Ring Size 

Originally, the formation of a six-membered ring was proposed [40], however, 
with the aid of ^^C-NMR techniques it has been shown that PDADMAC consists 
exclusively of five-membered rings [17-19, 41]. Specifically, only configurational 
isomers of quaternary pyrrolidinium rings were detected and these provide a 6:1 
ratio of cis- and trans configurations. The rings are connected by ethylene bridg- 
es in the 3,4-position [17, 19]. Interestingly variations in the conditions of the 
synthesis, for example, changes in solvent (water, acetone, l-methyl-2-pyrrolid- 
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Fig. 6. Cyclopolymerization of diallyldimethyl ammonium chloride and chain structures of the resulting polymers 
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ine, tetramethylurea, dimethylformamide [19]), the initiation mechanism (rad- 
ical with various initiators [17], anionic, radiation [19]), or the reaction temper- 
ature [17] do not influence the ring size and the 6:1 ratio of cis- and trans substi- 
tution [17, 19], 

Chain Architecture 

PDADMAC obtained by the free radical polymerization with ammonium per- 
sulfate (APS) in water at low conversion contains only 0.1-3% pendent double 
bonds (1.5 mol L"^ <[M] <4.26 mol L"\ 35 °C <T <60 °C), as detected by radio- 
chemical determination of residual double bonds with ^^^Hg-acetate following 
thin-layer chromatographic separation of the hydroxymercurated products [32, 
42, 43]. The portion of noncyclized products increases with temperature and 
monomer concentration and decreases with conversion resulting in chain 
branching or crosslinking [19]. The extent of chain branching is influenced by 
the conditions of synthesis. It can be neglected (<1%) if the pure monomer is 
polymerized under mild conditions (low temperature, [M] <4 mol L"^). Howev- 
er, under production conditions polymers with a higher degree of branching re- 
sult, primarily due to the impurities of the technical monomer solution. Figure 
7 shows possible repeat-unit structures if methyltriallylammomium chloride is 
present. It should be mentioned that as little as 3 mol % of MTAAC in the mon- 
omer solution produces completely crosslinked polymers which are insoluble in 
water [44]. 

3.2 

Copolymers 

^^C-NMR spectroscopy has also been used to investigate the composition of 
DADMAC copolymers [38, 45-47]. Copolymers with acrylamide (AAM) have 
been extensively studied. Based on the chemical shifts in the ^^C-NMR spectra 
of the homopolymers of DADMAC [17-19] and AAM [48-50], the copolymer 
spectra can be analyzed. Specifically from two likely diad structures (m/r) in 
PAAM and six different diad structures (r/m, c/t) in PDADMAC, eight different 
diad structures can be expected for the copolymers. A detailed NMR analysis 
has therefore been carried out in order to determine the copolymer composi- 
tions. The reactivity ratios obtained were found to be in good agreement with 
the results from other methods, such as potentiometric titration or elementary 
analysis, provided that the DADMAC in the copolymer was below approximately 
70% [38]. 



1 Although the 5-membered ring of PDADMAC has been conclusively documented for 
over 15 years, the 6-membered ring structure is still cited by several authors [126, 211, 
219,220]. 
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4 

Polymerization of Diallyldimethylammonium Chloride 

4.1 

Homopolymerization 

The homopolymerization of DADMAC is possible in several organic solvents 
such as acetone, l-methyl-2-pyrrolidone, tetramethylurea, or dimethylform- 
amide. Various initiation methods including radical, ionic, or x-ray induced 
polymerization have been employed [19]. Since the monomer solubility is limit- 
ed in these solvents, and the resulting homopolymer is soluble only in water, 
methanol and acidic acid, the polymerization in aqueous solutions are pre- 
ferred. Polymerization in both homogeneous and heterogeneous systems have 
been studied and the kinetics and mechanisms were investigated in aqueous so- 
lution and in inverse-emulsion [6-16, 52, 53]. 

4.1.1 

Homogeneous Polymerization in Aqueous Solutions 
Overall Rate Equations 

With various water soluble initiators, different overall polymerization rate equa- 
tions were obtained. These equations are summarized in Table 2. 
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Table 2. Overall polymerization rate equations Rp=k [ip[M]^ for the initiation with azo ini- 
tiators (Azo), ammonium persulfate (APS), ammonium persulfate/triethanolamine (APS/ 
TEA), ammonium persulfate/allyldimethylamine (APS/ADMA) 


Initiator 


a 


b 


k 


Eq. 


Ref. 


Azo’^ 


0.5 


2 


4.25-10-5 


(1) 


[10, 53] 








Li-5.mor‘-5.s-i 
(50 °C) 






APS 


0,8 


2,9 


7.25 -10-5 


(2) 


[6,32] 








• s-i] 

(35 °C), 

[M] >1.5 mol 1"^ 








0.47 


2.3 






[59] 


APS/TEA 


0.65 / 0.5 
(pH >7) 


2 


f(pH) 


(3) 


[11] 


APS/ADMA 


0.5/0.25 
(pH >7) 


2 


f(pH) 


(4) 


[11] 



4,4'-azobis(4-cyanopentanoic acid) 

Using APS initiator, for low monomer concentrations ([M] <1 mol L"^), devi- 
ations from the ideal overall kinetics were not observed [52, 54]. At higher mon- 
omer concentrations, particularly at [M] >1.5 mol L"\ marked deviations from 
the undisturbed radical polymerization could be identified. Figure 8 illustrates 
this unusual polymerization behavior for the APS initiated solution polymeriza- 
tion. The monomer exponent increases with the DADMAC concentration, 
reaching a constant value for monomer concentrations greater than 1.5 mol L"^ 
[ 6 ], 

By calculating the overall rate constant k in Eq. (2) from experimental Rp data 
over monomer concentrations, the change in polymerization behavior could be 
identified to occur below 1.5 mol of the monomer [32]. This is demonstrated 
in Fig. 9. 

Kinetic and Mechanistic Peculiarities 

Deviations from the ideal radical elementary reaction scheme have been exam- 
ined and various kinetic models were proposed [6,7, 11, 16, 51]. Extended kinet- 
ic investigations [6-12, 32, 53, 54] have revealed significant kinetic and mecha- 
nistic anomalies: 

- the formation of ionic complexes of the cationic monomer with anionic per- 
oxide initiators [10] whereby the monomer- initiator complexes decompose 
faster than unbond initiators [10, 1 1, 55] 

- a linear dependence of the ratio kp/k^®*^ on the monomer concentration 
(Fig. 10) [6] 
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monomer concentration mol L'^ 



Fig. 8. Solution polymerization of DADMAC. Influence of the monomer concentration on the 
overall polymerization rate ([I]: O 5 • 10“^; • 3 • 10“^; O 2 • 10“^; ♦ 1 • 10“^; □ 5 • 10“^ mol L“^; 
T=35 °C) (Data taken from [6]) 




monomer concentration mol L'^ 



Fig. 9. Solution polymerization of DADMAC. Influence of the monomer concentration on 
the overall rate constant k in Eq. (2) ([I]: O 5 ♦ 10~^; • 3 • 10“^; O 2 ♦ 10~^; ♦! • 10“^; □ 5 ♦ 
10-3 L-i; T=35 °C) (Data taken from [6]) 
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- chain termination by combination of cyclized polymer radicals with chlorine 
atoms which result from the redox reaction of persulfate ions with monomer 
chloride ions [15] 

The increase of kp / has been the topic of debate [6, 8, 9, 11, 16, 56-58], 
Hahn, Jaeger and Wandrey have assumed a structure/associate formation of 
monomer cations as well as the reduced electrostatic repulsion between the 
growing polymer cation radical and the monomer cation with increasing ionic 
strength to be the reason for this increase [6, 1 1, 16, 56], However, Topchiev et al. 
discussed this result in terms of the dependence of the termination reaction on 
the initial monomer solution viscosity [8, 9, 57], The former assumption is sup- 
ported by the concentration dependence of the density of the monomer solution 
(Fig, 4) pointing to structure formation, and by the knowledge of the electrostat- 
ic screening if a low molecular weight salt is added to a polyelectrolyte solution 
[27, 28], The latter will be discussed extensively in Sect. 5. 

During the polymerization, DADMAC acts not only as a monomer, but also 
as a low molecular weight electrolyte which suppresses the Coulombic interac- 
tions. The addition of neutral low molecular salts (NaCl [10], NaBr [52], tetra- 
methylammonium chloride [13]) leads in the same manner to a polymerization 
rate increase. Even though the viscosity of the monomer solution increases with 
the concentration (Fig. 5), it should be taken into account that the viscosity in 
the polymerizing system is more strongly influenced by the polymer than by the 
monomer, even at low conversions [51]. 




monomer concentration mol L'^ 



Fig. 10. Solution polymerization of DADMAC. Dependence of the rate constant ratio kp/k^®-^ 
on the monomer concentration assuming termination by combination (T=35 °C) (Data 
taken from [6]) 
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Kinetic Models 

Table 3 summarizes all reactions of the APS initiated polymerization of DAD- 
MAC. 

The individual side reactions (Table 3) result in the overall rate equation of 
persulfate initiation [10]: 

R,=2/itJs208'T‘'[M"][a-] (5) 



the rate equation for propagation [6, 7]: 

Rp=kp[Pc*][Mf (6) 

and the rate equation for termination [10]: 

R,=k,[p,^J+k^,^[Pc>][ci»] (7) 

which includes both termination by recombination of two cyclized polymer rad- 
icals and the termination with chlorine atoms. 

Under steady-state conditions, Equations 5-7 can be reduced to yield the 
overall rate equation of the APS initiated aqueous solution polymerization of 
DADMAC[10]: 




where the first term reflects the influence of the complex initiation and the spe- 
cific propagation. Since normally [M'^] = [Cl“], the power with respect to [M] be- 
comes third order. The second term represents the termination by the chlorine 
atoms. The side reactions of the monomer also find their expression in the mon- 
omer transfer constant determined for APS initiation, Cj^(APS)=2.5 • 10“^ [6]. 
This value is much higher than the appropriate constant for azo initiation, 
Cm(Azo)= 1 • 10-4 [lo]. 

For the initiation by azo initiators only the dependence kp / ([M]) has 

to be considered in a kinetic model [10]. Accordingly, an initiator exponent of 0.5 
and a monomer exponent of 2 are valid. By adding amine the decomposition ve- 
locity of APS is increased by an orders of magnitude. The chain side reactions 
with the monomer and termination by chlorine atoms are then significantly sup- 
pressed which results in a monomer exponent of 2 and higher molar masses of 
the homopolymer [11]. The kinetics of 2.3 order in monomer and 0.47 order in 
initiation [59], explained by partial cyclization and termination of cyclized rad- 
icals, could not be confirmed. 
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4.1.2 

Heterophase Polymerization 

The initial rate of polymerization of the inverse emulsion polymerization using 
sodium di-2-ethyl-hexyl sulfosuccinate (AOT) and sorbitan monooleat (SMO) 
as emulsifiers and an oil soluble azo initiator can be expressed by [13]: 

Rp = k[lf'^[AOTj'^[sMoY'^[DADMAcJ (9) 

with k=1.9 • 10“^ s“^ • mol“^*^] at 60.5 °C. 

Based on experimental results the loci of polymerization are assumed to be 
the micelles and latex particles. The 3rd power with respect to monomer con- 
centration in Eq. (9) results from the 2nd order polymerization reaction in aque- 
ous solution as well as from the influence of the monomer concentration on the 
partition equilibrium of the monomer between micelles and monomer/water 
droplets [13]. This influence is shown in Fig. 11. 

4.1.3 

Individual Rate Constants and Comparison of Kinetic Models to Experimental Data 

Individual rate constants for homogeneous and heterophase DADMAC homo- 
polymerizations have been calculated from the kinetic models above. These 
constants are summarized in Table 4. The overall activation energies, also given 
in Table 4, are relatively high. These values likely result from the electrostatic re- 
pulsion between the positively charged radicals and the monomer cations. 




Fig. 11. Inverse-emulsion polymerization of DADMAC. Influence of the monomer concen- 
tration on the partition equilibrium of the monomer, initial monomer concentration 
in monomer/water droplets at equilibrium; monomer concentration in micells at 

equilibrium) (Data taken from [13]) 
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Equation (8) has been used to describe the progress of the homogeneous po- 
lymerization up to conversions of approximately 60%. Experimental and calcu- 
lated conversion-time curves were in good agreement, even for the case of chang- 
ing experimental conditions during the polymerization [51]. For the heterophase 
polymerization experimental and modeled conversion-time curves coincide well 
if a kinetic model based on first order initiator decomposition was applied and 
consideration of gel effect for conversions greater than 35% was included [13]. 

4.2 

Copolymerization 

One objective of the copolymerization of DADMAC is to obtain higher polymer 
molar mass since the molar mass of the homopolymer is limited by a slow chain 
propagation (Table 4). Therefore, DADMAC has been copolymerized with vari- 
ous ionogenic and nonionic monomers of which acrylamide is the most com- 
mon. A variation of the general properties such as water solubility or charge 
density also becomes possible by copolymerization. 

4.2.1 

Copolymerization with Acrylamide 

Although DADMAC (M^) and AAM (M 2 ) were first reacted in 1959 [61], publica- 
tions on the copolymerization kinetics are relatively limited. Figure 12 shows in- 




Fig. 12. Copolymerization DADMAC/acrylamide in aqueous solution. Influence of the ini- 
tial monomer concentration on the copolymer composition ( — data taken from [64]; ■ • • • 
data taken from [65]) 





Table 5. DADMAC/AAM reactivity ratios 

Reactivity ratios Polymerization conditions Analytical methods Ref. 

DADMAC AAM [MJ + [M2] FeedM^ Initiator T 

r, Ty mol L"^ mol % °C 



144 



C. Wandrey, J. Hernandez- Barajas, D, Hunkeler 



o ^ S 
a, m ^ 



o o o 

N N N 



t t t t 



00 (N CO 
V£) vd 



rs 00 
Lo oq 



Averaged values since the reactivity ratios were observed to depend on the feed ratios 
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stantaneous copolymer composition diagrams for experiments conducted un- 
der various reaction conditions. 

Reactivity Ratios 

In Table 5 the reactivity ratios obtained for various polymerization conditions 
are summarized. 

All authors have obtained similar curvatures, as indicated in Fig. 12, and the 
following trends have been observed: r^ <^ 2,^1 <l,r 2 >l,andryr 2 ?^ 1. Therefore, 
the copolymerization of DADMAC/AAM can correspondingly be classified as a 
nonideal nonazeotropic copolymerization. Related to the definition of the reac- 
tivity ratios [62], it follows from the experimental values in Table 5 for the indi- 
vidual propagation rate constants, that <k ^2 while k 22 >k 2 i- Given the ex- 
tremely high propagation rate constant for AAM (kp=2d0^ Fmol"^*s"^ [63]), it is 
therefore a reasonable water soluble monomer to form a high molecular poly- 
electrolyte backbone. However, as Table 5 indicates, the reactivity ratios of DAD- 
MAC and AAM differ by up to two orders of magnitude, prompting some inves- 
tigators to speculate that these two monomers cannot copolymerize and indeed 
form tenacious blends of homopolymers. This postulate has not, however been 
born out by spectrometric investigations (see Sect. 3). 

Given the preceding mechanistic discussion, one would not expect the reac- 
tivity ratios to represent true kinetic parameters. Indeed, the reactivity ratios 
are sensitive to monomer and simple electrolyte concentrations, comonomer 
feed compositions, temperature and whether the reaction was carried out in 
aqueous solutions or a heterophase system. Clearly the data from the various 
groups are partly inconsistent, but still some general conclusions regard DAD- 
MAC/AAM copolymerization, listed in Table 6, are reasonable. 

A comparison of the experimental results in Table 6 is, however, complicated 
by several factors: 

- monomers of different purity were employed 

- the copolymerizations were carried out under different experimental condi- 
tions 

- the copolymers were analyzed using different methods to remove the residual 
monomers and to determine the copolymer composition 



Table 6. Kinetic pecularities of DADMAC/AAM copolymerization 

Kinetic observation Ref. 



rj and r 2 increase with total monomer concentration [64] 

Tj and r 2 vary inversely with the concentration of DADMAC [64] 

in the initial comonomer solution 

r^and r 2 are essential unchanged between homogeneous and work 

heterogeneous polymerization process 

Tj increases with ionic strength by addition of low molecular electrolyte 

Tj is insensitive to pH [65] 
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- the degree of conversion is either different or unavailable 

- to calculate the reactivity ratios, various models and procedures (graphical, 

numeric) have been applied. 

With the exception of [64], the majority of copolymerizations has been car- 
ried out with non-recrystallized DADMAC. Although, there is no evidence that 
the monomer purity markedly influences the reactivity ratios of Table 5, a gen- 
eral influence on the rate of polymerization should be taken into account. The 
majority of analytical methods require removal of the monomers before the co- 
polymer composition can be determined. For this reason, HPLC has been shown 
to provide estimates of reactivity ratios with more narrow confidence intervals 
[70]. Due to the differences between r^ and r 2 , particularly at higher DADMAC 
contents in the monomer feed, it is quite challenging to maintain a low conver- 
sion of AAM and a constant monomer feed composition. 

Comparison of DADMAC with other Cationic Monomers 

Comparing the reactivity ratios of the DADMAC/AAM copolymerization with 
results of the copolymerization of other cationic monomers with AAM, signifi- 
cant differences can be identified. The differences between r^ and r 2 are much 
lower, and the cationic monomer even reacts preferentially during the copoly- 
merization. As an example, for cationic methacrylic esters and methacrylamid 
derivatives, Kr^ <2.5 and 0.25<r2 <0.6 were obtained [65, 70]. These values are 
relevant for a nonideal copolymerization preferring the cationic component. For 
the cationic analogs of acrylic acid and acrylamide, 0.34<r^ <0.48 and 0.29<r2 
<0.95 have been published [65, 70]. These values are related to an azeotropic co- 
polymerization, preferring the cationic monomer only at low content in the 
comonomer mixture. 

Deviations from the Ultimate Copolymerization Model 

The Mayo-Lewis model cannot completely explain the peculiarities of the DAD- 
MAC/AAM copolymerization [64]. Clearly, electrostatic interactions between 
the monomer cation and the charged radical chain end influence the propaga- 
tion reactions because the cationic charge is situated closely to the radical posi- 
tion (see Sect. 4.1). For these reasons, the ionic strength, solvatation, and the 
charge density at the growing chain end, for the copolymerization become im- 
portant. In the case of the acrylic and methacrylic compounds discussed above, 
the charge carrying group is situated far from the reactive double bond. It seems 
that this distance is large enough to screen the electrostatic repulsion between 
the charged monomer and the charged chain end resulting in a higher reactivity 
of the ionic monomer. 

Application of the penultimate model to the experimental results of [64] re- 
sulted in the following reactivity ratios: 

ri = 0.032 >r/=^ = 0.021 

^112 ^212 



( 10 ) 
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T2 =-^ = 7.19 >r2'=-^ = 2.97 (11) 

^221 ^121 

with km 1^211 <k 2 i 2 >k 222 >k 22 i) and k ^22 ^ki 2 i [^8]. 

Assuming an influence of the charge density at the chain end on the reaction 
with the cationic monomer, the order k^^^ <k 2 n <ki 2 i <k 22 i becomes probable. 
With this assumption and comparing the reactivity ratios (Eqs. (10) and (11)), 
and from kj 2 <k 22 (Sect. 4.1), k^i 2 "^k 2 i 2 ^^222 should be valid [38]. 

From these results, it can be concluded, that the structure of the growing 
chain end not only influences the addition of the cationic monomer but also the 
propagation step with acrylamide [38]. Figure 13 shows a comparison of the ex- 
perimental results with the penultimate model and the best fit using the Keh- 
len/Tiidos equations [71]. A better agreement can be observed particularly in the 
range of higher DADMAC content. 

The application of the “Error-in- Variables” method [72], which considers the 
variance in all measured parameters to obtain more precise estimates has also 
led to a better agreement with experimental values [73]. 

Copolymerization at High Conversion 

Butler et al. have reported crosslinking leading to gelation for the DAD- 
MAC/ AAM copolymerization at a total monomer concentration of 4 mol and 

40 °C [66]. However, gelation only occurred for 20/80 DADMAC/AAM monomer 




Fig. 13. Copolymerization DADMAC/ acrylamide in aqueous solution. Comparison of ex- 
perimental results with kinetic models (Data taken from [38]) 





148 



C. Wandrey, J. Hernandez- Barajas, D, Hunkeler 



feed, while crosslinking was observed for all monomer feed compositions. The 
gel point was at 51% conversion. These results have been mechanistically dis- 
cussed in connection with the cyclopolymerization of DADMAC, and a signifi- 
cant allylic hydrogen abstraction by the growing polymer radical characteristic 
of allyl polymerization has been proposed [66]. Their reactivity ratios, also list- 
ed in Table 5, were in reasonable agreement with the other results. An influence 
of impurities from the used commercial monomer solution has not been taken 
into account. 

Control of Copolymer Composition 

Recently, a general algorithm based on a semi-batch copolymerization, with a 
time-dependent dosage of the more reactive monomer AAM, has been de- 
scribed to produce normally distributed copolymers with various charge densi- 
ties but having similar molar masses [67]. Caused by the strongly divergent r^ 
and r 2 values the procedure is limited to a mid range of copolymer composition 
and not too high conversions. For high DADMAC contents the molar mass is 
limited whereas for high AAM contents very high molar masses result. The in- 
fluence of the copolymer composition on the molar mass has already been pub- 
lished in [74]. 

4 . 2.2 

Copolymerization with other Monomers 

A number of nonionic, anionic and cationic monomers has been used to copo- 
lymerize DADMAC in binary or multicomponent systems by various tech- 
niques. These monomers are listed in Table 7. In relation few systems have the 
mechanism and kinetics of the polymerization process been investigated [1]. In- 
terest has been primarily directed toward new products or properties, with the 
data mostly in patents. 

The free radical polymerization of DADMAC (M^) with vinyl acetate (M 2 ) in 
methanol proceeds as a nonideal and nonazeotropic copolymerization with 
monomer reactivity ratios ri=1.95 and r2=0.35 were obtained [75]. The resulting 
low molar mass copolymers were reported to be water soluble over their whole 
range of composition. Modification of the vinyl acetate unit by hydrolysis, ace- 
talization, and acylation resulted in DADMAC products with changed hy- 
drophilic or polyelectrolyte properties [75]. For the copolymerization of DAD- 
MAC and M-methyl-N-vinylacetamide (NMVA) a nearly ideal copolymerization 
behavior could be identified [45]. The application properties of the various co- 
polymer products will be discussed in Sect. 8. 
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5 

Solution Properties of Diallyidimethylammonium Chloride Polymers 

5.1 

Fundamentals 

The study of several polyelectrolytes through various experimental methods has 
led to diverging results and controversial conclusions. This situation has recent- 
ly been summarized from the theoretical point of view in [28, 95-97]. However, 
there are some interesting data resulting from experiments with PDADMAC and 
DADMAC copolymers which remain unexplained. The aim of this Section is to 
present these experimental results and, furthermore, to discuss the data in terms 
of existing polyelectrolyte theories. For a better understanding of the experi- 
mental results under discussion a short fundamental summary of the main 
properties and parameters shall be given. However, it is not the aim of this re- 
view to evaluate the various theoretical approaches. 

5.1.1 

Polyelectrolyte Models and Counterion Condensation 

Counterions are necessary to ensure electroneutrality in polyelectrolyte solu- 
tions. Therefore, it can be energetically advantageous if a fraction of counterions 
are situated in the vicinity, or at the surface, of the polyion in order to reduce the 
charge of the polyion. To answer the question under which conditions this oc- 
curs, the concept of the counterion condensation has been introduced by Fuoss, 
Katchalsky and Lifson [98], Alexandrowicz and Katchalsky [99] or Oosawa [100] 
and subsequently theoretically developed by Manning [101-108]. 

A linear charge density parameter (Manning parameter) has been defined as: 

( 12 ) 

b 

where b is the spacing between singly charged groups along a infinitely long lin- 
ear polyelectrolyte chain, calculated as b=L/N with L the contour length and N 
the number of charged groups. Ig is the Bjerrum length, which has a value of 

0. 712 nm in water at 20 °C. The theory predicts a maximum of the effective 
charge density. For instance, if we have monovalent counterions it must be ^ 

1. Thus, counterion condensation occurs if b is smaller than the Bjerrum length. 

The fraction of condensed counterions is equal to 1- — . Hence, the Bjerrum 
length appears to be the smallest distance between elementary charges. The 
fraction of uncondensed ions is then — . 

I 
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5.1.2 

Concentration Regimes 

In pure polyelectrolyte solutions a decreasing polyelectrolyte concentration Cp 
is followed by an increase of the Debye length Ip and an increase in chain stiff- 
ness. Applying scaling concepts [109] and considering an electrostatic contribu- 
tion to the persistence length Lp [110-113] various concentration regimes could 
be identified for polyelectrolyte solutions. Odijk derived different critical con- 
centrations [111]: 





Lp » L 


(13) 






(14) 


^\l6jTNj^Lab 


Lp»L 


r^i32jt^N^ab^fy 


Lp<L 


(15) 



where a is the monomer length and is the Avogadro's number. The concen- 
tration regimes are characterized by 

- highly diluted Cp<c^^ 

- transition c"^ <Cp <c^"^ and c^"^ <Cp <c"^"^ 

- semi-diluted c"^"^ <Cp 

The influence of the degree of polymerization and contour length respective- 
ly, on the critical concentrations are given in Table 8 for PDADMAC. 

If we take into consideration that the lowest experimentally possible polyelec- 
trolyte concentration Cp is approximately 10“^ monomol L“^ it follows from 
Table 8 that the diluted solution state, Cp <c"^, cannot be realized for PDADMAC 
if N >2000, i.e. if >320,000 g-mol“k The theoretical treatment and the exper- 
imental studies of the concentration dependent behavior of polyelectrolytes in 
solution is usually restricted to the case with or without an excess of a low mo- 
lecular electrolyte. A relatively limited amount of data exist for similar concen- 
trations of polyelectrolytes and low molecular mass salt [97]. 



Table 8. Influence of the degree of polymerization (N) on the critical concentrations of DAD- 
MAC in aqueous solution (a=0.5 nm,b=0.5 nm, T=20 °C)^ 



Degree of 


Contour length 


Critical concentrations 




polymerization 


[nm] 


[monomol 1 ^] 






N 


L 


c^ 




C^^ 


50 


25 


5.32-10-3 


3.71-10-3 


2.08-10-2 


100 


50 


1.33-10-3 


1.86-10-3 


n 


500 


250 


5.32-10-3 


3.71-10-'* 


r» 


1000 


500 


1.33-10-3 


bo 

ON 

O 

1 


n 


5000 


2500 


5.32-10"^ 


3.71-10-3 


n 



^ a: monomer unit length, b: charge distance 
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5.1.3 

Interactions Between Poly ion and Counterions 

Different methods are suitable to investigate interactions between the polyion 
and the counterions. Dependent on the method employed, various parameters 
can be determined, which describe these interactions. These include: 

- the osmotic coefficient f^ 

- the activity coefficient of the counterions 4 

- the self diffusion parameter D^ / D^ ° 

For § = — > 1 Manning has derived the correlation [104] 

b 

fo<fa= l-21/o < ^ = l-74/o = 1.438/^ (16) 

The theoretical relationships for 4 and D^/D^® from Manning’s theory [102- 
108] as well as from other theories, for example, of Iwasa [114], Gueron [115], 
and Yoshida [116, 117] have been summarized in Table 9. 



5.1.4 

Electrolytic Conductivity 



The basic equation for the equivalent conductivity of a pure polyelectrolyte so- 
lution is [118-122]: 

A = /,(Ap+A^) (17) 

where A is the equivalent conductivity of the solution, ° is the equivalent 
conductance of the counterion in an infinitely diluted solution without polyions, 
and A,p is the equivalent conductance of the polyion [123]. 

The parameter 4 is given by [1 19, 123] as: 



fc = 



Df 



(18) 



In the model, is determined by a temperature dependent electrophoretic 
mobility factor [123] which contains the viscosity of the solvent as well as its rel- 
ative permittivity, X^ °, the radius of the polymer chain and the Debye screening 
length Ij). The following equation holds for the case that electrolyte and poly- 
electrolyte are in the same concentration range: 









(r^Cp+2Cj) 



(19) 



It can be simplified for polyelectrolyte solutions in the absence of a low mo- 
lecular weight electrolyte [27]. Note that Ij) has been discussed from different 
points of view [124]. Here we provide only the generally accepted definition [27]. 
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Table 9. Equilibrium and transport coefficients. (X=Cp / c^) 




Coeff. §<1 


i>i 



Coefficients in aqueous solution 



fa 




Manning=Iwasa 




fa 


_ 


Gueron 


0.7|-l 


Di/D;° 




Manning 


0.87r’ 


D/D" 


_ 


Yoshida 


0.33 + 0.43^“ 



Coefficients in aqueous solution with addition of salt 

Manning 



exp 



2X + 4 



Iwasa 



- + 1 



^ X " 



X + 1 



exp 






+ 2 



exp. 






X + 2 






Gueron 



Manning 



3 



Xg 



2 + X 1 + 



- + 1 



X+1 



exp 



X 



- + 2 



— + 0.39 
2 



^ X 

^-1 

^2 






+ 1 

^ 1 -- 
X + 1 3^ 






+ 2 



5.2 

Experimental Results 
5.2.1 

Counterion Activity 

The counterion activity of DADMAC polymers has been determined by direct 
potentiometry using chloride ion selective electrodes. If the polyelectrolyte con- 
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centration of a solution is known the counterion activity coefficient (^) can be 
calculated from 

fa=- ( 20 ) 

where is the measured counterion activity of the polyelectrolyte solution 
[125], 

Effect of Molar Mass 

Figure 14 shows the experimental counterion activity coefficients for DADMAC, 
PDADMAC of different molar masses (with « 1.5), as well as the the- 

oretical concentration dependence for a charge distance of b=0.5 nm, calculated 
in terms of different theoretical expressions from Table 9. 

The activity coefficients of the polymers are much lower than those of the 
monomer. Theories predict, within their limits, a concentration, molar mass, 
and chemical structure independence of the counterion activity. As seen from 
Fig. 14, the experimental curvatures differ from the theoretical predictions. The 
concentration dependence and the absolute values of f^ change with the molar 
mass. Further, the activity coefficient has been found to be reciprocally related 
to the molar mass [38]. To obtain reliable results a minimization of the salt out- 




Cp monomolL'^ 

Fig. 14. Concentration dependence of the counterion activity coefficients, 4 , of DADMAC, 
PDADMAC with different molar masses, and comparison with theoretical predictions 
(T=20 °C; • DADMAC; PDADMAC with M^: ■ 12,000 g moPb A 72,000 g moP^ ♦ 
170,000 g mol“b Manning; Gueron) (Data taken from [38]) 
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flow from the reference electrode, controlled by electrical conductivity measure- 
ments, must be realized [38]. This salt outflow from the reference electrode may 
be responsible for the higher values of counterion activity for PDADMAC pub- 
lished by other authors [126]. 

Effect of Charge Density 

According to theoretical considerations, 4 increases if the charge distance on the 
polyelectrolyte chain becomes larger. This could be shown for DADMAC/AAM 
copolymers for charge distances in the range of 0.5 to 1.9 nm (Table 10). For b ^ 
Ig the f^ values are within the limits of the Manning theory and below the values 
calculated by Gueron. However, for b > Ig the experimental values are remarka- 
bly below the theoretical values (Table 10). 

Effect of Chemical Structure and Chain Architecture 

The agreement between theory and experimental results has been found to de- 
pend on the chemical structure of the repeat unit. Figure 15 represents the con- 
centration dependence of counterion activity coefficients for two polyelectro- 
lytes, PDADMAC and MEAC/AA (50:50) copolymer, differing in chemical struc- 
ture of the cationic monomer unit but having the same charge distance (0.5 nm). 

In terms of Manning’s theory a comparison of experimental f^ with theoreti- 
cal calculations leads to a better agreement for PDADMAC having the ammoni- 
um group near the polymer backbone. For larger spacer groups between the 
polymer backbone and the ionic group the counterion activity was found to be 
higher than predicted for a line charge. An increase of the counterion activity 
has also been identified for branched PDADMAC, and explained by a large 
number of end groups along the polymer chain [38]. 



Table 10. Experimental and calculated counterion activity coefficients (f^) for DAD- 
MAC/AAM copolymers with different charge distances (b) 



DADMAC 
mol % 


b 

nm 


4 experimental 


4 calculated 
Manning 


Gueron 


15 


1.92 


0.77 . 


. 0.73 


0.84 


— 


38 


0.91 


0.61 . 


. 0.58 


0.69 


— 


41 


0.86 


0.60 . 


. 0.53 


0.67 


— 


56 


0.70 


0.60 . 


. 0.48 


0.60 


0.69 


69 


0.61 


0.57 . 


. 0.46 


0.53 


0.60 


100 


0.50 


0.42 . 


. 0.39 


0.43 


0.49 



^ experimental range: Cp= 10 ^-2-10 ^monomolL ^ 
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Fig. 15. Influence of the chemical structure of the ionic monomer unit on the concentration 
dependence of the counterion activity coefficients f^; charge distance b= 0.5 nm (T=20 °C; 
• copolymer of acrylamide with 50 mol % 2-(methacyloyloxy)ethyltrimethylammonium 

chloride, M^=8.6 -10^ g mol ■ PDADMAC, M^=l,7-10^ g mol"^; Manning; 

Gueron) (Data taken from [38]) 



Influence of Low Molecular Mass Electrolyte 

The influence of molar mass, charge density as well as chain branching was also 
determined in the presence of low molecular mass salt. As seen in Fig. 16, the 
differences between theory and experiment are more important to low molar 
masses. In Fig. 16 the concentration dependence of the activity of the low molec- 
ular salt has been taken into account when calculating fa*^=fexp/fo 126], 
where f^*^ and f^^p are calculated and experimentally determined counterion ac- 
tivity coefficients, respectively; Fq is the activity coefficient of the added low mo- 
lecular salt in aqueous solution without polyelectrolyte. 



5.2.2 

Electrolytic Conductivity 

Conductivity investigations have been performed by measuring the specific 
conductance as function of Cp, the equivalent concentration of polyelectrolyte. 
According to [128] the specific conductance can be expressed as 

K=Ko+A°Cp+Cp<p(cp) 



( 21 ) 
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Fig. 16. Influence of the ionic strength on the counterion activity of PDADMAC with different 
molar masses. Variation of the ionic strength by addition of NaCl. (X=Cp / c^; Cp=10“^ mono- 
mol L-^ T=20 °C; PDADMAC : • 12,000 g mol"^; ♦ 22,000 g mol”^; ■ 72,000 g mol"^; A 
170,000 g mol”^; - ■ - • - Gueron; Manning; Iwasa) (Data taken from[38]) 



where A° is the equivalent conductivity at infinite dilution, reflects the con- 
ductivity of the solvent and the function 0(Cp) represents the effect of interionic 
interaction on conductivity. From the linear initial range of k vs. Cp plot, the ex- 
trapolated value of the solvent conductivity (Kq '), and A° can be determined. For 
reliable A°, a good agreement between Kq and k^', the directly measured and the 
extrapolated value, is necessary. 



Effect of Concentration 



Figure 17 shows the concentration dependence of k for PDADMAC of different 
molar masses. The curvature increases slightly with dilution. 

The plot of the equivalent conductivity vs. the polyelectrolyte concentration, 
however, is more suitable to demonstrate the concentration dependent changes 
of the polyelectrolyte conductivity [129]. Generally, the equivalent conductivity 
(Eq. (17)) can be written as [128] 



A = ^-^ = A‘’+<t>(cp] 

r \ ^ / 



( 22 ) 



The concentration dependence of this equivalent conductivity is given in 
Fig. 18 for the low molecular salt NaCl, the monomer DADMAC, and PDAD- 
MAC. 
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Oe+0 5e-5 1 e-4 




Cp monomolL’’ 

Fig. 17. Concentration dependence of the specific conductance of PDADMAC with different 
average molar masses (T=20 °C) (Data taken from [38]) 



The curvature of the monomer solution is similar to that of the salt. The con- 
centration dependence between PDADMAC samples are significantly different. 

Effect of Molar Mass 

Assuming infinitely long polyelectrolyte chains, the Manning theory neglects 
the influence of molar mass on the equivalent conductivity. It could be shown in 
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Fig. 18. Concentration dependence of the equivalent conductivity A for low molecular elec- 
trolytes (NaCl, DADMAC) and PDADMAC. PDADMAC: Mn=12,000 g T=20 (Data 
taken from [38]) 



[130] that the equivalent conductivity of PDADMAC is strongly influenced by 
the molar mass, particularly, at high dilutions. Further, a correlation between 
the strong increase of A and the concentration regimes seems to exist. A strongly 
increases below the overlap concentration c"^ [38, 130]. A more detailed study 
of the concentration dependence of the equivalent conductivity in the presence 
of low molecular salt has led to correlation ~ ^^-o.i 8 ±o .02 A^^^^ - 



M^-0-17±o.02 [33^ 130]. 



Effect of Ionic Strength 



The influence of NaCl on the equivalent conductivity of PDADMAC with differ- 
ent molar masses is demonstrated in Figs. 19 a and b. A^^^^ decreases with in- 
creasing Cg and is observed at higher Cp. 

Plotting A vs. the ratio of the polyelectrolyte to the salt concentration, Cp/Cg, 
the largest change of the slope is located in the Cp/Cg region between 1 and 3. An 
example is given in Fig. 20 for the lowest molar mass and holds for all ionic 
strengths and molar masses that have been investigated. This implies that a lin- 
ear increase of the equivalent conductivity below the overlap concentration will 
only be found if the polyelectrolyte concentration exceeds the concentration of 
monovalent low molecular electrolyte by a factor of two to three. 

A satisfactory explanation of the experimental results in terms of the existing 
theories cannot be provided. An interpretation using a scaling of the activity co- 
efficient vs. the ratio of the Debye length Ip to the contour length L has been dis- 
cussed in [38] for narrow distributed NaPSS standards. This interpretation. 
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Cp monomol L"' 




Cp monomol L’ 



Fig. 19 a, b. Concentration dependence of the equivalent conductivity A, Influence of the 
ionic strength c^ for PDADMAC. a: Mjj= 12,000 g moh\ b: M^=325,000 g moh^; T=20 °C 
(Data taken from [38]) 



based on an increase of f^ as the result of the decreasing Coulombic interaction 
in the case of Ij) >L, also holds for PDADMAC. The scaling of f^ as a function 
of Ip/L has yield f^,^^t=0.612(lj)/L)^'^^ for Mj^= 1 2,000 g*mol~^ and 4^^^= 
0.612(lj)/L)^-^^ for Mj^=22,000 g*mol"^ For the higher molar masses the scaling 
has been influenced by the increasing polydispersity of the samples [38]. Using 
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Fig. 20. Plot of the equivalent conductivity A vs. the ratio of the PDADMAC to the salt con- 
centration Cp / Cjj for PDADMAC with 12,000 g mol“^; T=20 °C 



average values, the molar mass and ionic strength dependence of the equivalent 
conductivity in the highly diluted solution is given by [38]: 

A = 0.61(/o/if“(A/+A/) (24) 



Effect of Charge Density 

The influence of the charge density on the electrolytic conductivity is demon- 
strated for high molar mass PDADMAC and the AAM-copolymers in Fig. 21. 

Changing the charge distance from 0.5 up to 1.92 nm the conductivity behav- 
ior changes remarkably. For b >lg, a weak and nearly linear increase of A has 
been found with increasing dilution. However, for b smaller than or in the range 
of Ig, A increases in the same manner as described above for the different molar 
masses of the homopolymer. 

Effect of Temperature 

The influence of the temperature in the range 20 °C <T <50 °C on the conductiv- 
ity behavior of PDADMAC is demonstrated for two molar masses in Fig. 22 a 
and b respectively. 
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Cp monomol L’ 

Fig. 21 . Influence of the charge density on the concentration dependence of the equivalent 
conductivity A (T=20 °C). The indicated charge distance b was realized by copolymeriza- 
tion of DADMAC with AAM, The percentage denotes the DADMAC content in the copoly- 
mer (Data taken from [38]) 



A shifting of could not be identified. Additionally, Fig. 23 shows the tem- 

perature dependence of the limiting values for DADMAC and PDADMAC 
with different molar masses. The two lower molar mass samples are more 
strongly infiuenced by the temperature than the high molar mass polymer and 
the monomer. However, to compare the different molar masses the viscosity of 
the solutions has to be considered (Walden law [39]). In order to finalize the con- 
clusions additional experiments will be necessary [38]. 

As is evident from Fig. 23, for virtually all molar masses and temperatures, 
Amax of the polymers was found to be higher than the values for the monomer. 
Different hydration of the isolated monomer ion and the monomer units in the 
polymer chain is assumed to be responsible for these findings [38]. 

Although only a limited amount of experimental data is available which de- 
scribes the interaction between the poly ion and the counterions for PDADMAC 
compounds, the influence of macromolecular and structural parameters on the 
counterion activity and the electrolytic conductivity in semidiluted, and partic- 
ularly in highly diluted aqueous solutions, can be clearly shown. All these find- 
ings are not only of scientific interest but also of practical relevance. Since for 
many technical applications PDADMAC concentrations in the ppm range are 
usual, this basic knowledge of the molecular and medium influences gives more 
insight into the action mechanism of these polyelectrolytes and may assist in the 
optimization of several applied processes. 
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Cp monomol 

Fig. 22 a, b. Influence of the temperature on the concentration dependence of the equivalent 
conductivity A for PDADMAC with different molar masses, a: Mj^= 12,000 g mol“^; b: M^= 
170,000 g mol“^ (Data taken from [38]) 
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temperature °C 

Fig. 23. Temperature dependence of the maximum equivalent conductivity for 
PDADMAC with different molar masses and DADMAC (Data taken from [38]) 



6 

Molecular Characterization of Diallyidimethylammonium Chloride Polymers 
6.1 

General Considerations 

The molecular characterization of polyelectrolytes in general, and of DADMAC 
polymers in particular is complicated for several reasons. First, in aqueous solu- 
tion the individual properties of the macromolecules are dominated by Coulom- 
bic interactions. Therefore, the resulting polyelectrolyte effects have to be sup- 
pressed through the addition of low molecular electrolyte, such as NaCl. The in- 
crease of the ionic strength results in a decrease of the chain stiffness of the poly- 
electrolyte molecules (see Sect. 5). The chains then revert to the coil dimensions 
of neutral macromolecules in dilute solutions. However, problems may still 
arise, particularly since the mode of action of these effects is quite different in 
various characterization methods [27]. 

Secondly, DADMAC polymers are heterogeneous substances. They posses 
distributions with respect to: 

- molar mass (polydispersity, see Sect. 4) 

- molecular architecture (linear, branched, crosslinked, see Sect. 3) 

- chemical composition (copolymers, see Sect. 4.2) 

- aggregation and self-association 
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Aggregation or association strongly disturb molecular characterization [27, 
38]. As discussed in the previous sections the action of the low molecular elec- 
trolyte has been found to be different for PDADMACs of various molar masses. 
Therefore, the ionic strength must be optimized for each given system. In some 
cases, particularly at high polydispersities, there may not exist a low molecular 
salt concentration at which the ionic strength is sufficient to suppress the poly- 
electrolyte effects but low enough to avoid aggregation of the largest macromol- 
ecules. This is a major problem. This type of aggregation has been proposed to 
be treated as a self-associated process which depends on both salt and PDAD- 
MAC concentration and cannot easily be removed by filtration or centrifugation 
[130]. This heterogeneity has to be distinguished from permanent aggregates or 
gel-particles resulting either from chemical crosslinking during the polymeriza- 
tion process or from the existence of hydrophobic domains, for example in co- 
polymers. These latter are often removable by filtration or centrifugation proce- 
dures. Generally, sample preparation must be optimized and carried out very 
carefully [27, 38, 74] to avoid aggregation and to obtain homogeneous highly di- 
luted solutions. 

6.2 

Determination of Molar Masses 

6.2.1 

Homopolymers 

Several authors have published the method for determining molar masses of 
DADMAC polymers, primarily in connection with practical applications [1]. In 
Table 11 intrinsic viscosity-molar mass relations of PDADMAC are summarized 
in the form of the Mark-Kuhn-Houwink-Sakurada (MKHS) relationship. The 
relatively high exponent of the relationships is attributed to the greater chain 
stiffness in comparison with vinyl backbones. One has to look quite skeptically 
at the values from reference [59] given its deviation from the remainder of the 
published data. 

Dubin et al. [135] have studied the molar mass characterization by light scat- 
tering with commercial PDADMAC products “Merquat 100” and “Catfloc”. The 
determined values for in 0.4 moM“^ NaCl solution were (2.8±0.8)10^ and 
(4.5±3.0)10^ g*mol, respectively. Erratic and sometimes abrupt downward cur- 
vature was observed by a Zimm plot at scattering angles 0<45 °. This was attrib- 
uted to the dust from these samples. Following the fractionation of the Merquat 
100 sample by the preparative size-exclusion chromatography, linearity of the 
MKHS in 0.5 mol*L~^ NaCl solution was identified only for fractions with M^ 
<2-10^ g-mol"^ [136]. At higher M^ curvature appeared in the molar mass de- 
pendencies which was explained by the presence of chain branching [136]. Sim- 
ilar results were reported by Gornitz et al. [131] investigating unfractionated lab- 
oratory synthesized DADMAC polymers. Only for samples having M^ less than 
10^ g-mol"^ exhibited “normal” solution behavior and agreement between re- 
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Table 11. Exponents and constants of the Kuhn-Mark-Houwink-Sakurada relationship 
[ti]=KM^ for PDADMAC in 1 mol L"* NaCl ([ti] in M in g-mol-‘) 


Molar mass 


K 


a 


Method 


Experimental conditions 


Ref. 


Mw 


4.6M0-^ 


0.81 


LS 


T=25 °C, pH=5.5 
8.9-10“ <Mw <4.7- 10^ 


[132] 


Mw 


4.25-10-^ 


0.80 


LS 


T=25 °C 

8.6-10“ <Mw <3.6-105 


[74] 


Mw 


4.16-10'^ 


0.68 


UC 


T=30 °C 

I.S-IO'* <M^ <5.4*104 
(fractionated samples) 


[134] 


Mw 


4.83-10-^ 


0.88 


UC 


T=30 °C 

2.4-10“ <M„ <1.4-105 


[134] 


M„ 


1.12-10“^ 


0.82 


OS 


T=26 °C 

1.6-10“ <M„ <7.4-10“ 


[133] 


Mw 


1.26-10"* 


0.51 


? 


T=26 °C 

1.3-10“ <M„ <2.25-10“ 


[59] 



suits from light scattering and analytical ultracentrifugation measurement was 
found to exist [131]. On the contrary, for low conversion PDADMAC samples po- 
lymerized in Jaeger's laboratory, linear [r|] - M and Rg -M relations were ob- 
tained, even for high molar masses [137]. The second virial coefficients found by 
sedimentation equilibrium studies are higher (1-2.5T0“^ mhmohg"^ [131]) than 
those reported for light scattering measurements (2.53' 10"^ mbmobg"^ [135] 
and 410"^ ml mobg"^ [74]). 

The nonlinearity of Zimm diagrams at small scattering angels was also re- 
ported by Dautzenberg et al. [138] and was attributed to the fact that, in partic- 
ular, the technical products contain particles or associates as described in Sect. 3 
of this paper. Small amounts of such particles can produce higher apparent mo- 
lar masses by light scattering. The interpretation of the scattering curves by a bi- 
modal system leads, after a theoretical curve separation, to a linearization and 
gives the correct molecular parameters of PDADMAC [138]. Bekturov [139] re- 
ported on molar mass determination by means of an analytical ultracentrifuge 
using methanol as a solvent. 

6.2.2 

Copolymers 

In the case of DADMAC copolymers, the charge density and it's distribution 
must be taken into consideration. For DADMAC/AAM the copolymer composi- 
tion differs strongly from the initial monomer ratio and changes depending on 
the conversion of polymerization due to the very different reactivity ratios r^ 
and r 2 (see Sect. 5.2). Depending on the content of DADMAC units the polyelec- 
trolyte character is more or less developed. Generally, a strong increase of the 
molar mass with decreasing DADMAC content has been reported [74]. 
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Fig. 24. Dependence of the partial specific volume v (•) and refractive index increment 
dn/dc (■) on the DADMAC weight fraction in DADMAC/AAM copolymers (0.5NNaCl; 
T=20 °C) (Data taken from [46]) 



For the analysis of light scattering experiments the refractive indices of the 
DADMAC/AAM solutions at dialysis equilibrium were determined, showing the 
validity of the additivity principle [67]. The additivity could also be proven for 
the partial specific volumes which are necessary to calculate molar masses from 
ultracentrifugation experiments [131]. These dependencies are summarized in 
Fig. 24. 

The second virial coefficient A2 from osmometry, light scattering, and sedi- 
mentation experiments were found in the same range, 4- 10- 10“^ moM*g“^ for 
DADMAC contents 8-100 mol %. The change is mainly influenced by the chang- 
es in charge density [46, 67, 131]. 

Correlations 

Rg-M and [ri]-M relations could be established for the practical use at high ionic 
strength (0.5 m NaCl solution), despite the various chemical compositions of the 
DADMAC/AAM copolymers [46,67]: 

Rg(nm)=0.117M/47 (22) 

[ti] (ml/g)=5.34 • 10-3 jy[^o.89 (23) 

[ti] (ml/g)=0.638 (24) 

Molar masses from light scattering experiments reported by other authors 
[140] seem to be too high in comparison with the results above. 
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6.3 

Determination of Molar Mass Distributions 
6.3.1 

Chromatography 

Size exclusion chromatography (SEC) has been applied to investigate the molar 
mass distribution of DADMAC polymers. Generally, it must be mentioned that 
the exclusion effect is often superimposed by electrostatic adsorption because 
ionic groups are present in most aqueous chromatographic packings [141]. 
Since the first experiments were performed to separate cationic polyelectrolytes 
by means of SEC, several packing materials, calibration methods, and mobile 
phases have been evaluated for cationics. The development of the investigations 
has been described in [142] and relevant practical information on packing ma- 
terials, soluents and calibration is given in [143]. Table 12 contains a summary of 
packing materials and experimental conditions applied to DADMAC and DAD- 
MAC copolymers. 

All investigators emphasize the importance to check the packing materials for 
every special cationic polymer since the cationic charge and the chemical struc- 
ture of the monomer units influence the chromatographic separation. Calibra- 
tion has been difficult in such cases where the polydispersity of standards and 



Table 12 . Size exclusion chromatography of DADMAC polymers 



Polymer 


Stationary phase 


Mobile phase 


Ref. 


DADMAC 


Quaternized Styragel 


acid medium 


[146] 


DADMAC 


G 3000 PW 
G 5000 PW 


0.1 MNaCl 
0.2 M NaCl 


[147, 148] 


DADMAC 


Superose 


0.4 M NaCl/Na-ac (9:1) 
pH=5.5 


[142] 


DADMAC 


Shodex OH pak B-806 


0.5 M NaCl 


[149] 


DADMAC 


Fractogel TSK-55(S) 


0.5 M NaCl, 0.5 M NaNOj 


[74] 


DADMAC 


Superose- 6 


0.5 M NaCl 

pH= 6.5, 0.25 M NaOAc buffer 


[136] 


DADMAC/ 

AAM 


Combination of 5 columns: 
poly (glyc idyl methacrylate) 
gel: 

1. guard, 

2. 6000, 

3. 5000, 

4. 3000 and 

hydroxyethyl methacrylate gel: 
5, 40 


0.5 M NaN 03 with 10 ppm NaN 3 


[67] 


DADMAC/ 

NMVA 


Progel-TSK-PW 


0.5 M NaNOj 


[45] 
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samples varied. This can be expected for technical products with broad molar 
mass distribution. The highest molar mass of PDADMAC measured by SEC was 
M„=8xl05gmol-i,M„/M„«2.4 [137]. 



6.3.2 

Other Methods 

Molar mass distributions of PDADMAC were also determined by fractionation 
using dioxane/methanol system [144] and from sedimentation velocity meas- 
urements in 1 m NaCl solution [134]. The molar mass calculations were based on 
the s-M relation [134]: 

So [s]=6.1 • 10-16 m/47 (25) 

Information on polydispersity of PDADMAC samples synthesized under dif- 
ferent conditions could be obtained further by the M^/M^ -ratio from low-speed 
sedimentation equilibrium experiments in 0.5 m NaCl [35]. 

Recently, Kulicke et al. [145] applied the principle of Flow-Field-Flow-Frac- 
tionation (F^) in combination with multi angle laser light scattering (MALLS) to 
characterize PDADMAC. Differential and integral molar mass distributions 
have been published for PDADMAC. One advantage of this method seems to be 
that it can be extended to the investigation of the mass distribution of aggregat- 
ed and particulate components. 



6.4 

Determination of Structural Nonuniformities 

As demonstrated in Figs. 6 and 7, and discussed in Sect. 3, PDADMAC products 
can contain structured chains. By specific addition of MTAAC [44] or by initia- 
tion with multifunctional starting agents [35] the application properties can be 
improved [44]. Therefore, not only the molar masses and the molar mass distri- 
butions are of interest but also information about the portion of branched struc- 
tures. Based on differences of the partial specific volumes of linear and branched 
PDADMAC a preparative separation was possible by preparative ultracentrifu- 
gation using a density gradient method [35]. Figure 25 shows the composition 
analysis for one polymer sample containing linear and branched moieties [35]. 

Although this method is very time consuming, it can, in principle, be regard- 
ed as an alternative to the chromatographic cross fractionation to characterize 
copolymers and other complicated polyelectrolyte structures. 
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Fig. 25. Composition analysis of technical PDADMAC ( • experimental values; - • - • - Gaus- 
sian fit; • • linear fraction; branched fraction; A density) (Data taken from [35]) 



7 

Interactions of Diallyidimethylammonium Chloride Polymers in Solution 
and at Interfaces 

Interactions of polyelectrolytes in solution and at interfaces are of predominant- 
ly Coulombic nature [27, 150]. However, other interactions including dipol-di- 
pol, charge-transfer, and hydrophobic effects also have to be considered [27, 151, 
152]. Table 13 demonstrates general characteristics of interactions of poly- 
cations with oppositely charged species which can be applied to PDADMAC. 

These solution based interactions are relevant to most technical applications 
of PDADMAC and copolymers (see Sect. 8). 

7.1 

Interactions with Low Molecular Mass Components 
Anions 

The theoretical bases for interaction with counterions have been discussed in 
Sect. 5.1. However, these theories do not take into account the special nature of 
the ions and only the valency was considered [102-108, 114-117]. The solubility 
caused by the variation in the counterions cannot, for example, be predicted. Ac- 
cording to [35] the solubility of poly( diallyidimethylammonium halides) de- 
creases in the order Cl" >Br" >1". The homopolymer precipitates in the iodide 
form. This is in contrast to ammonium halides where the iodide has the highest 
solubility [153]. Comparing the effects of Cl", S 04 ^", and P 04 ^" a very similar in- 
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Table 13. Interactions of PDADMAC in Solution and at Interfaces 


Interaction with 


Effect 


Anions 


counterion binding, counterion exchange, aggregation, 
precipitation 


Anionic surfactants 


complexation, charge neutralization, aggregation, precipitation, 
structure formation 


Polyanions 


complexation, charge neutralization 

• colloidal aggregates 

• stable turbid dispersions 

• flocculated precipitates 

• coherent gels 


Anionic surfaces 


• flat adsorption (DADMAC with low or moderate molar mass) 

• partial adsorption (copolymers with low charge density, homo- 
and copolymers with high molar mass, branched structures) 

• recharge of surfaces, neutralization, stabilization 



fluence has been detected by viscosity measurements indicating that there is vir- 
tually no change of the solution state [154]. However, a strong decrease of the in- 
trinsic viscosity and precipitation was observed in aqueous PDADMAC solu- 
tions in the presence of [Fe(CN)6]^“ and [Fe(CN)gp“ [154]. 

Surfactants 

Several models of complex formation between polyelectrolytes and ionic sur- 
factants have been proposed [155-159]. However, no generally accepted model is 
currently available [27]. With PDADMAC, both water soluble [156-158] and water 
insoluble complexes [159] have been reported. Generally, highly ordered struc- 
tures are formed. Several groups have examined the use of polycations with sur- 
factants to stabilize surfactant films to act as model cell membranes [159]. By com- 
bining lecithin with PDADMAC, model membranes were produced which mimic 
several cell membrane physical properties [160, 161]. Highly ordered materials 
with ultra-low surface energies could be created by complexation of PDADMAC 
with fluorinated surfactants. PDADMAC was chosen since it combines good ac- 
cessibility with an appropriate charge distance along the polymer backbone [162]. 

7.2 

Interactions with Oppositely Charged Polymers 

The polyanion-polycation complex (symplex) formation process is a phenome- 
non that had long been known on an empirical base from the mutual precipita- 
tion of proteins [150]. The internal structure and the properties of the resulting 
complexes are strongly influenced by the nature of the polymeric components 
and the system conditions. The polymer parameters include the molar mass, the 
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charge density/ charge density distribution, the nature of the ionic group, or the 
chain architecture. Likewise, the concentration range, the pH, and the ionic 
strength are important [27, 150, 163-165)]. As given in Table 13, different de- 
grees of aggregation can be produced including quasi- soluble particles on a col- 
loidal level and phase separation. Furthermore, the phase separation can occur 
as hard precipitation or membrane formation. All borderline cases have been 
observed for PDADMAC [27, 150, 166-169]. 

While for the complexation with poly( sodium styrene sulfonate) or sodium 
cellulosesulfate 1:1 stoichiometry has been reported [150] a non-stoichiometric 
complex results with sodium carboxymethylcellulose [150]. Optimized condi- 
tions make it possible to create membranes with various properties using the 
PDADM AC/sodium cellulosesulfate system [166-168]. However, the symplex 
formation with PDADMAC or copolymers mostly results in flocculated precipi- 
tates [27, 150, 169]. Highly ordered mulilayer assemblies were prepared by alter- 
nate reaction of PDADMAC and various polyanions [170, 171]. Recently, the ef- 
ficiency and selectictivity of protein separation via PEL coacervation were ex- 
amined using PDADMAC [172]. 

7.3 

Interactions at Surfaces 

Charged and uncharged surfaces may exist as surfaces of particles having different 
size and as solid surfaces. Though there are different dimensions ranging from 
colloidal particles to macroscopic areas, the same principal considerations are val- 
id [27]. Various models have been developed to describe the interactions between 
surfaces and polyelectrolytes [173, 174]. Interactions between DADMAC polymers 
and negatively charged particles or surfaces are important in regard to many prac- 
tical applications. These applications include separation, stabilization, solubiliza- 
tion, flocculation processes, and surface modification. Application examples for 
these most important interactions will be discussed in the following section. 

8 

Applications of Diallyidimethylammonium Chloride Homo- and Copolymers 

PDADMAC was initially produced in order to provide specialty papers with high 
electro conductivity [23]. It has since 1966 been increasingly applied in many in- 
dustrial fields. The IBM Patent Server reported more than 120 patents in U.S. re- 
lated to the application of PDADMAC or copolymers. Over 30 of these have been 
registered since 1995, indicating the emerging applications for PDADMAC. A 
listing of applications has been presented in [1, 15, 18] and emerging applica- 
tions including advanced materials with novel properties are reported in [175]. 
The present review does not intend to give listing of all known applications. 
However, Table 14 summarizes application fields and general applications for 
homo- and copolymers of DADMAC. Detailed explanations of established and 
most important applications follow in the next Sections. 
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Table 14. Applications of DADMAC homo- and copolymers 


Application field 


Application 


Paper and textile production 


retention, coagulation, flocculation, wet strength, 
dry strength improvement, dewatering, color 
fastness, dye fixation, antistatic agents, anti- 
microbial treatment 


Water / waste water treatment 


primary coagulation, flocculation, sludge 
dewatering, demulsification 


Coal, mineral, glass industries 


flotation, flocculation, stabilization, dewatering, 
hydrophilization, viscosity reduction 


Cosmetics, hair treatment 


components in: hair conditioners, hair rinses, 
shampoos, deodorants, liquid soaps, antistatic, 
antimicrobial components 


Biological, medical, food processes 


virus removal, insecticides, algaecides, 
conservation, immobilization, cell fixation 


Miscellaneous 


membrane modification, film modification, 
antifouling compositions, analytical agents 



8.1 

Paper Manufacturing 

8.1.1 

Retention and Drainage Agents 

Paper machines are devices for continuously forming, dewatering, pressing and 
drying a web of paper fibers [176]. Basically, a dilute suspension of fibers is ap- 
plied to a continuous wire screen which can have several configurations. Reten- 
tion is a measure of how much material remains on the paper machine wire and 
is incorporated into the final sheet. Retention occurs by filtration (fibers and 
fines larger than 200 pm or the size of the largest openings of the paper machine) 
and adsorption onto the fibers via the formation of secondary chemical bonds 
(particles less than 10 pm). Drainage implies the removal of water from the pa- 
per machine. Higher drainage rates mean faster paper machine operation 
and/or energy savings in the dryer section. Copolymers of acrylamide and DAD- 
MAC are widely used for both retention and drainage agents [176, 187]. Other 
uses of DADMAC copolymers with acrylamide as retention and drainage agents 
are mentioned in the patent literature [179,188]. A moderately branched copol- 
ymer of acrylamide and DADMAC is claimed to have improved retention in the 
manufacture of paper and cardboard [189]. 

8.1.2 

Wet Strength Additives 

Wet strength is a desirable attribute in many paper products including napkins, 
paper towels, household tissues and disposable hospital wear all of which come 
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in contact with water during their use [176, 186]. Typically, an untreated cellu- 
lose fiber would lose 95-97% of its strength when saturated with water. To im- 
prove the wet strength, paper producers have, for years, used chemicals during 
the paper manufacturing process. Wet strength additives function by forming 
covalent bonds between fibers and by generating their own crosslinked network. 
The dry strength of the paper product will increase as well. Typically these ma- 
terials are defined either as permanent or “temporary” wet strength agents. Per- 
manent wet strength agents will provide a product which retains more than 50% 
of its original wet strength after a 5 minutes exposure to water. On the other 
hand, temporary wet strength resins will produce paper products retaining less 
than 50% of its original wet strength after the same exposure period [176]. Some 
temporary wet strength agents are based on glyoxylated acrylamide-DADMAC 
copolymers as in the case of some commercial products (Parez 631 NC, manu- 
factured by Cytec) and described by Coscia [177] and Williams [178]. The use of 
DADMAC in the preparation of temporary wet strength agents is further men- 
tioned in the patent literature [179-186]. 

8.1.3 

Other Paper Manufacturing Agents 

One common problem in the paper manufacture is the deposition of wood pitch 
on the pulp handling equipment or in the paper machine [176]. The pitch is lib- 
erated from the fibers during the fabrication of paper and tends to accumulate 
as a colloidal suspension of negatively charged particles. Later, these particles 
cause problems by filling the wire of the paper machine, producing holes in the 
finished product or by collecting on the felts or machine parts as sticky lumps. 
These problems can be controlled by the use of copolymers of DADMAC and 
acrylamide [189] and DADMAC and vinyl alkoxysilanes [86, 191]. Other addi- 
tives used for this application include a hydrophobic polyelectrolyte copolymer 
based on DADMAC [192]. A synergistic approach for pitch control is reported 
by using water-soluble zirconium carbonate in combination with PDADMAC 
[193]. 

Homopolymers of DADMAC and copolymers of acrylamide and DADMAC 
are applied in the coagulation of fibers recycled from coated broke, a term used 
to describe a paper which cannot be sold for different reasons [ 176] . It is claimed 
that polymer solutions and water-in-oil emulsions containing DADMAC offer 
both superior performance and cost effectiveness compared to the traditional 
polymer additives used for this purpose [190, 194]. 

8.2 

Mining Industry 

Homo- and copolymers of DADMAC are widely used for solid/liquid separa- 
tions (dewatering) of different slurries in the mining industry. Specific examples 
of the minerals treated with these polymers include coal, taconite, trona, sand. 




Diallyldimethylammonium Chloride and its Polymers 



175 



gravel and titania slurries. In coal production, several applications of DADMAC 
and DADMAC copolymers are reported in the patent literature. The claims in 
these patents include: i) the recovery of clean coal and the reduction of ash con- 
tent through the use of PDADMAC [195], ii) the separation of gangue from coal 
in a coal refuse slurry in a multi-stage separation process using PDADMAC 
[196] and iii) a method for dewatering coal tailings and clean coal products by 
the use of copolymers of DADMAC and vinyl trialkoxysilane [197]. Pilot studies 
in the brown coal industry performed with branched PDADMAC indicated an 
improved dewatering performance over linear PDADMAC and other anionic 
and cationic acrylic polymers [218]. Improved dewatering of waste solids gener- 
ated in common mining processing operations is claimed by the use of hydro- 
phobically modified copolymer of DADMAC and acrylic monomers [198], DAD- 
MAC-vinyl trialkoxysilane copolymers [199, 200] and copolymers of DADMAC 
and acrylamide crosslinked with triallyl amine [201]. Dust suppressants for fine- 
ly divided mineral particles are obtained with dilute DADMAC homopolymer 
solutions [202]. Copolymers of acrylamide and DADMAC obtained by inverse- 
emulsion copolymerization are reported to improve dewatering aid in mineral 
processing [203]. 

8.3 

Water Treatment Industry 

It was previously mentioned that PDADMAC (Cat-Floc) was the first commer- 
cial flocculant approved for potable water [26]. Since then, PDADMAC has been 
continuously used for coagulation/flocculation both in potable water and waste 
water treatment. A good example of the performance of PDADMAC in the coag- 
ulation of colloidal solids is the reduction of turbidity in fresh water of 150 mg 
L"^ of Ca(OH) 2 - A reduction of 82% in turbidity is observed with the addition of 
only 2 mg of branched PDADMAC [217]. In addition, PDADMAC and copol- 
ymers of DADMAC are reported to be effective in the removal of hard-to-elimi- 
nate impurities in the water treatment industry. Emulsified impurities from 
streams of a petroleum refinery waste water and an automotive oily effluent wa- 
ter have been removed by the use of water soluble copolymers consisting essen- 
tially of DADMAC and small amounts of anionic acrylic monomers [89]. 

Copolymers of DADMAC with acrylamide in combination with several coa- 
lescent agents have been reported to improve the water quality of overboard wa- 
ters discharged from off-shore oil producing rigs [204]. A method for removing 
oil and metal ions is reported by the addition of a polymer formed by condens- 
ing tannin with PDADMAC [205]. A complex system composed of inorganic 
salts and organic adduct polymers based on DADMAC and other monomers has 
been reported. These systems have been found to be effective for the detackifi- 
cation and clarification of acid and alkaline paint and lacquer waste waters as 
well as spray booth wastes [206]. Hydrophobically associating copolymer com- 
positions based on water soluble silicon and DADMAC copolymers are reported 
in the efficient removal of fat, blood, tissue and other solids from food and bio- 
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logical processing wastes [84]. Copolymers of vinyltrimethoxysilane and DAD- 
MAC have successfully been applied for the clarification of ink-containing waste 
waters from recycled paper production [207]. A system based on a hydrophobi- 
cally-modified copolymer of DADMAC with acrylic monomers in combination 
with other acrylic flocculants is used for the dewatering of industrial sludges 
[208]. Other water treatment applications of DADMAC polymers include the 
stabilization of metal ions with terpolymers containing styrene sulfonic acid 
and DADMAC [88], the inhibition of scale by the use of terpolymers containing 
vinyl alcohol and DADMAC [83], the preparation of oil-in -water breakers with 
an hydrophobically-modified copolymer based on DADMAC and other acrylic 
monomers [209], the demulsification of oily waste water using copolymers of vi- 
nyl alkoxysilanes and DADMAC [210] and a method of cleaning waste waters 
from laundries with the use of PDADMAC [85]. 

8.4 

Miscellaneous Applications 

A novel capillary electrophoresis method using solutions of non-crosslinked 
PDADMAC is reported to be effective in the separation of biomolecules [211]. 
Soil studies conducted with PDADMAC report the minimization of run-off and 
erosion of selected types of soils [212]. In similar studies, PDADMAC has found 
to be a good soil conditioner [213]. The use of PDADMAC for the simultaneous 
determination of inorganic ions and chelates in the kinetic differentiation-mode 
capillary electrophoresis is reported by Krokhin [214]. Protein multilayer as- 
semblies have been reported with the alternate adsorption of oppositely charged 
polyions including PDADMAC. Temperature-sensitive flocculants have been 
prepared based on n-isopropylacrylamide and DADMAC copolymers [215]. A 
potentiometric titration method for the determination of anionic polyelectro- 
lytes has been developed with the use of PDADMAC, a marker ion and a plastic 
membrane. The end-point is detected as a sharp potential change due to the rap- 
id decrease in the concentration of the marker due to its association with PDAD- 
MAC [216]. 

9 

Conclusions 

This review demonstrated that research on diallyldimethylammoium chloride 
and its polymers have contributed to the general understanding of the polymer- 
ization of ionic monomers, the development of methods for the molecular char- 
acterization possibilities of cationic polyelectrolytes, and the understanding re- 
garding polyelectrolyte behavior. However, in comparison to the industrial im- 
portance of diallyldimethylammonium chloride polymers, the level of funda- 
mental knowledge is far from adequate. In particular, copolymerization proc- 
esses with monomers other than acrylamide, the characterization of copolymers 
related to their chain architecture and charge distribution, the dependence of 
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polyelectrolyte interactions on the chemical structure and the medium, and the 
structure formation in concentrated systems remain to be elucidated. Since 
polyelectrolytes are currently emerging as an important and challenging topic 
in polymer science, it is expected that the interest in polymers based on diallyl- 
dimethyldiammonium chloride will not diminish over the coming two decades. 
Moreover, the recently proliferating applications will likely lead to the develop- 
ment of additional novel DADMAC based materials and associated studies into 
their characterization and solution behavior. 
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